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Interspecific hybrid grape varieties (Vitis spp.) are cultivated by grape breeding 
initiatives due to wild Vitis’ resistance to abiotic and biotic stress. However, these 
cultivars suffer from multiple flavor challenges, such as off-aromas and excessive 
sourness in the final wine product. When profiling volatiles in hybrid mapping 
populations, we performed headspace solid-phase microextraction (HS-SPME) 
coupled to gas chromatography–mass spectrometry (GC-MS), and quantitated select 
off-odorants using matched, isotopically labeled isotopologues. Seeking to move 
toward a less targeted approach, we tested the assumption that any relative changes in 
matrix effects among individuals would be similar for all compounds, i.e., matrix 
effects do not show Compound × Individual interactions. Individuals from two plant 
populations were analyzed: an interspecific grape (Vitis spp.) mapping population (n = 
140) and a tomato (Solanum spp.) recombinant inbred line (RIL) population (n = 148). 
Individual plants from the two populations were spiked with a cocktail of internal 
standards (n = 6, 9, respectively) prior to HS-SPME-GC-MS. Variation in the relative 
responses of internal standards indicated that Compound × Individual interactions 
exist, but were different between the two populations. For the grape population, 
relative responses among pairs of internal standards varied considerably among 
individuals, with a maximum of 249% relative standard deviation (RSD) for the pair 
 of [U13C]hexanal and [U13C]hexanol. However, in the tomato population, relative 
responses of internal standard pairs varied much less, with pairwise RSDs ranging 
from 8% to 56%. This post-hoc methodology can be applied to evaluate the suitability 
of using surrogate standards for HS-SPME-GC-MS studies in other plant populations.  
A related project evaluated the development of malate in wild Vitis spp. during 
berry maturation. Over a two-year study, samples from V. riparia, V. cinerea, V. 
vinifera, and hybrid spp. were taken at multiple time points. In contrast to the well-
known biphasic behavior of malate in vinifera, we observed a range of behaviors in 
wild species. On average, riparia accessions had malate per berry comparable to 
vinifera just prior to veraison, but degraded malate at a slower rate. Cinerea accessions 
had significantly lower malate prior to veraison than all other groups, but showed a 
post-veraison increase in malate. Post-veraison malate degradation rates of 
interspecific hybrids were intermediate to vinifera and riparia. Variation in post-
veraison malate behavior could be related to diminished malate degradation in the 
pulp of wild Vitis spp. Our results indicate that studies of malate behavior in Vitis spp. 
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CHAPTER 1  
INTRODUCTION 
 
Breeding for flavor: screening of interspecific hybrid grape mapping populations 
Mapping populations are used by plant breeders to improve fruits and vegetables 
such as apples [1,2], tomatoes [3], grapes [4], melons [5], peaches [6], and peppers [7]. 
These mapping populations frequently contain hundreds of individuals (i.e. 
accessions), where each individual has a unique genetic composition from the crossing 
of a set of parents. Genomics-assisted breeding tools [8], such as genome wide 
association studies (GWAS) [9,10], or marker assisted selection (MAS) [11,12] are 
used to select for traits of interest, such as size, firmness, postharvest shelf life, and 
more recently, flavor [13,14]. The phenotypic data is screened against molecular 
markers on the chromosomes that correlate with variance in the trait, called 
quantitative trait loci (QTLs). In some cases, a single QTL may drive trait expression, 
such as monoterpene content in grape berries [4,15]. More frequently, multiple QTLs 
are found to control a phenotype, such as mealiness in peaches [6].  
One such breeding initiative has been the development of interspecific hybrid 
grape varieties, which are a cross between the well-known European Vitis vinifera 
species with wild Vitis species that have grown indigenous to North America for 
thousands of years. These wild Vitis species have adapted to the North American 
climate, and often have traits of interest such as cold hardiness, and resistance to 
diseases endemic to our climate, such as phylloxera, downy mildew, black rot, and 
powdery mildew [16]. However, there are several major organoleptic challenges 
associated with wild Vitis, which may also appear in their interspecific hybrid grape 
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offspring. Red wines made from hybrid grape varieties are reported to have poor 
mouthfeel, which results from low tannin concentrations in their fruit and higher 
concentrations of tannin-binding pathogenesis-related proteins [17,18]. Wines made 
from hybrids with V. labrusca parentage suffer from excessive grape and “foxy” off-
aromas [19] due to high concentrations of methyl anthranilate and 2-
aminoacetophenone. Hybrids containing non-labrusca wild Vitis spp., e.g. riparia, 
rupestris, and cinerea tend to have high concentrations of methoxypyrazines, which 
cause the final wine product to smell green and herbaceous [20]. Finally, it has been 
reported since the late-1960s that many wild Vitis spp. have 3-4 times the titratable 
acidity (TA) of their domesticated vinifera counterpart, and that this higher TA is 
mainly attributed to higher concentrations of malate in the ripe grape berry [21,22]. 
This high TA correlates to a perception of excessive sourness in the final wine product 
that is difficult to ameliorate through TTB-approved winemaking practices [23,24].  
Prior work in our lab has proposed remediation strategies for better tannin 
extractability to improve mouthfeel in interspecific hybrids [25]. Likewise, we had 
previously devised a screening for key off-odorants in mapping populations that were 
used by collaborators to identify several putative QTLs related to a lipid degradation 
pathway that result in high concentrations of the volatiles responsible for green and 
grassy aromas in the ripe grape berry (S. Yang, personal communication, 12/17/15). 
This screening used headspace solid phase microextraction (HS-SPME), a frequently 
employed technique due to its simple and solvent free extraction process, feasibility of 
automation, and the small amount of sample material needed [26,27]. When coupled 
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to gas chromatography-mass spectrometry (GC-MS), a single sample run can provide 
a profile of the volatiles present in plant material [1,28].  
However, SPME is known to suffer from matrix effects, especially in complex 
plant matrices [27,29–31], and therefore internal standards are recommended for 
quantitation. In our prior work, we quantitated eight compounds in each mapping 
population using isotopically labeled isotopologues. This is considered a best practice, 
however these standards are expensive, difficult to procure, and/or need to be 
synthesized [26,32]. In the case of evaluation of multiple mapping populations for a 
plant species, this method rapidly becomes impractical because it limits the scope of 
work to a small, target screen, and limits the ability to pursue novel analytes that may 
also be influencing fruit quality.  
Due to these challenges, breeders often utilize alternative strategies for 
quantification, such as quantitation against a single (often unlabeled) internal standard 
[10,33], by comparison to an admixture reference sample [3], or else normalize 
analyte responses to the total ion count [5,30]. When using a single surrogate standard, 
it has been assumed that although SPME-induced matrix effects may affect the 
relative response of compounds from individual to individual (i.e. from run to run), all 
compounds will be equally impacted (Figure 1). However, to our knowledge, this 





Elucidating the evolution of malate across berry maturation in wild Vitis spp. 
As previously mentioned, a third flavor challenge of interspecific hybrid grapes is 
the high level of titratable acidity (TA), and resulting perception of excessive sourness 
on the palate. In wild Vitis species, it has been reported that TA can approach 50 g/L, 
as tartaric acid equivalents, even at total soluble solids (TSS) levels that are associated 
with fully mature fruit (TSS > 20 Brix) [20]. This is considerably higher than the TA 
range of 6-9 g/L typically observed in mature V. vinifera [21]. The major organic acids 
in the grape berry are tartrate, malate, and citrate, and of these, the acid with the 
highest concentrations and most variation is malate, and the organic acid that varies 
most, is malate [21,22]. In wild Vitis, malate can be present at concentrations > 20 g/L 
in mature fruit [22], and similarly, interspecific hybrids are reported to have higher 
malate than their V. vinifera counterparts at harvest (5.0 – 7.3 g/L vs. 2.7 – 4.2 g/L), 
even when grown on the same site with similar cultural practices [34].  
Figure 1.1: Assumption of equal across-individual matrix effects using HS-SPME. 
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In winemaking, high malate in grapes is of greater concern than high 
concentrations of the other major grape acid (tartaric), as the latter generally has a 
limited concentration range in wines due to the low solubility of potassium bitartrate 
in hydroalcoholic solutions [35]. Remediation strategies for high malate, such as 
malolactic fermentation and ‘double-salt’ precipitation, are not appropriate for all 
wines and can still result in high TA even once complete [36]. Thus, producing hybrid 
grapes with lower malate is of interest to the wine industry, either through use of 
appropriate viticultural practices or through breeding of new grape varieties. 
In vinifera, malate exhibits a biphasic pattern, with initial accumulation in the 
vacuoles of immature fruit, primarily in the mesocarp [37]. Starting at veraison, malate 
concentrations decrease largely because berries switch from accumulating to 
degrading malate, and also because of dilution due to berry expansion [38]. However, 
a molecular explanation for the high malate of mature wild Vitis spp. and their hybrids 
has not been presented. Quantitative trait loci (QTL) analyses of Vitis spp. populations 
have been ambiguous – one study of a Seyval F2 mapping population identified a 
weak QTL in a region containing a gene associated with an aluminum-activated 
malate transporter (ALMT) [39]; another identified several minor QTLs for malate, 
but were unable to assign these to specific candidate genes [40]. One limitation of 
these studies, and related existing work, is that only post-veraison, mature fruit was 
sampled, and therefore the typical behavior in malate during berry maturation in Vitis 
species other than vinifera has not been characterized. Therefore, in Chapter 3, we 
sought to characterize the developmental profile of malate in accessions of Vitis spp. 
of interest to grape breeders (cinerea, riparia) in comparison to vinifera and hybrid 
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cultivars, in hopes that insights from the study would aid in future molecular studies of 
the regulation of malate. 
 
Development of flavor chemistry laboratory experiments for high school classes 
A separate part of this dissertation research was to devise a series of flavor 
chemistry laboratory experiments for high school classes. Due to multiple serious 
injuries and incidents, chemistry experiments for secondary education are being re-
examined for safety [41,42]. Although guidelines exist from national agencies on best 
practices [43], a major reason why these dangerous demonstrations persist is because 
they are spectacular and popular with students [44]. However, driven by a rising 
interest in food systems and food science spawned from popular culture media such as 
Morgan Spurlock’s documentary film, Supersize Me, and food writers such as 
Michael Pollan, Samin Nosrat, and J. Kenji López-Alt, there have been several 
innovative strategies for incorporating food science into college undergraduate 
chemistry courses [45,46]. By comparison, lesson plans related to food science for the 
high school classroom are largely absent – especially those aligned with the recently 
released Next Generation Science Standards (NGSS) [47]. We have developed a safe, 
high school appropriate, and demonstration-rich lesson plan based on aroma and 
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CHAPTER 2  
HS-SPME-GC-MS ANALYSIS OF VOLATILES IN PLANTE POPULATIONS 
– QUANTITATING COMPOUND × INDIVIDUAL MATRIX EFFECTS 
ABSTRACT 
Headspace solid-phase microextraction (HS-SPME) coupled to gas chromatography–
mass spectrometry (GC-MS) is widely employed for volatile analyses of plants, 
including mapping populations used in plant breeding research. Studies often employ 
a single internal surrogate standard, even when multiple analytes are measured, with 
the assumption that any relative changes in matrix effects among individuals would be 
similar for all compounds, i.e., matrix effects do not show Compound × Individual 
interactions. We tested this assumption using individuals from two plant populations: 
an interspecific grape (Vitis spp.) mapping population (n = 140) and a tomato 
(Solanum spp.) recombinant inbred line (RIL) population (n = 148). Individual plants 
from the two populations were spiked with a cocktail of internal standards (n = 6, 9, 
respectively) prior to HS-SPME-GC-MS. Variation in the relative responses of 
internal standards indicated that Compound × Individual interactions exist but were 
different between the two populations. For the grape population, relative responses 
among pairs of internal standards varied considerably among individuals, with a 
maximum of 249% relative standard deviation (RSD) for the pair of [U13C]hexanal 
and [U13C]hexanol. However, in the tomato population, relative responses of internal 
standard pairs varied much less, with pairwise RSDs ranging from 8% to 56%. The 
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approach described in this paper could be used to evaluate the suitability of using 
surrogate standards for HS-SPME-GC-MS studies in other plant populations.  
 
INTRODUCTION 
Headspace solid-phase microextraction (HS-SPME) is widely employed to isolate 
and pre-concentrate volatiles prior to gas chromatography–mass spectrometry (GC-
MS) analysis [1–4]. SPME has several advantages over other sample preparation 
techniques (e.g., solid-phase extraction or liquid–liquid extraction), including its 
avoidance of solvents, ease of automation, and small sample size requirements [5]. 
These features make SPME particularly well suited for studies that require analysis of 
a large number of samples, e.g., when evaluating plant populations used by breeders in 
investigating the genetic underpinnings of traits [6,7]. Mapping of genes or 
quantitative trait loci (QTLs) controlling volatiles—including those associated with 
aroma—has been reported in several plant species, including tomatoes [2], melons 
[8,9], apples [10,11], and grapes [12–14]. Plant volatile phenotyping is usually 
performed by GC-MS, for both targeted analyses of a small number of volatiles 
[15,16] and broader profiling of a large number of targeted or nontargeted volatiles 
(“metabolomics”) [1,2,8–10,17]. 
A challenge associated with SPME, however, is its high susceptibility to matrix 
effects, including plant matrixes [18,19]. For example, for a range of volatiles, SPME-
GC-MS responses were reported to decrease by 2- to 12-fold in a tomato matrix [15]. 
This decrease could arise from either competition on the SPME fiber or decreases in 
analyte volatility. Matrix effects could be compensated for through appropriate 
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calibration, most commonly through the use of well-matched and equilibrated internal 
standards. When available, the preferred choice for an internal standard is a stable 
isotope-labeled analogue of the target analyte, i.e., stable isotope dilution analysis 
(SIDA) [20]. This technique has been employed in grape mapping populations to 
identify candidate genes associated with monoterpene production (“muscat” aroma) 
[12] following a solid-phase extraction, and in basmati rice grains for phenotype 2-
acetyl-1-pyrroline (“nutty” aroma) following SPME [21]. SIDA, however, is not 
employed in most volatile phenotyping studies of breeding populations, including 
those using SPME, likely due to the high cost or commercial unavailability of 
isotopically labeled standards [20]. The impracticality of SIDA is particularly severe 
for nontargeted studies, which may involve measurement of dozens of volatiles whose 
identity is unknown prior to analysis. Instead, it is common for SPME-based volatile 
phenotyping studies to use a single surrogate standard or to normalize responses to the 
total ion count. In this approach, it is assumed that the relative matrix effects on any 
given compound (analyte or standard) are consistent among individuals, i.e., relative 
differences in analyte concentrations are preserved. Knowledge of relative ratios of 
volatiles is still potentially useful, e.g., in QTL analyses to identify associated genetic 
markers for breeding purposes or identify likely metabolic networks. However, the 
assumption that matrix effects do not show Compound × Individual interactions in 
ostensibly similar samples is not always valid. For example, the relative response for 
an n-decane surrogate in soybean oil changed by up to 8-fold as compared to 13C-
labeled internal standards following thermal oxidation of the oil matrix [22]. Similarly, 
modest variations in ethanol content of model wines caused Compound × Individual 
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matrix effects across a range of volatiles [23]. These effects would not allow for 
accurate relative quantification based on a single surrogate standard. 
Although the occurrence of Compound × Individual matrix effects during SPME 
analysis of plant populations can be assumed, the extent of such interactions has not 
been quantitated and routine approaches to their determination have not been 
described. Evaluating the extent of these interactions is becoming more important in 
plant breeding research due to a greater interest in improving fruit flavor, in 
comparison to the historic focus of plant breeding on improving yield, storage 
characteristics, and disease resistance [24]. Compound × Individual interactions could 
potentially be much smaller than variation from other sources, e.g., biological 
variability, in which case the error introduced from using a surrogate standard would 
be tolerable. To our knowledge, an approach to quantitate the extent of Compound × 
Individual matrix effects during HS-SPME-GC-MS analyses—including analyses of 
plant populations—has not been described, even though this phenomenon is well 
known among analytical chemists to exist [22,25]. We hypothesized that these effects 
could be evaluated by comparing the relative responses of multiple internal standards 
within a population. In this report, we describe our approach, and use it to evaluate the 
extent of Compound × Individual matrix effects in a grape mapping population and a 
tomato recombinant inbred line (RIL) population. 
 
MATERIALS AND METHODS 
Chemical Reagents and Standards  
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The following chemicals were purchased from Sigma-Aldrich (St. Louis, MO, 
USA): sodium phosphate mono- (≥99%) and di-basic (≥98%), methanol (≥99%; 
MeOH), ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA; ≥99%), 2-
octanone (≥98%), nonyl acetate (FCC), and 4-methyl-2-pentanol (≥98%). 
[2H3]eucalyptol (>95%; >99% isotopic purity), [2H3]methyl anthranilate (>95%; >99% 
isotopic purity), and [2H2]-(E)-2-hexenal (>90%; >99% isotopic purity) were purchased 
from aromaLAB (Planegg, Germany); [2H3]-3-isobutyl-2-methoxypyrazine (IBMP) 
(>98%; >99% isotopic purity), [2H3]-3-isoproyl-2-methoxypyrazine (IPMP) (>98%; 
>99% isotopic purity), [2H4]furfural (>99%; >99% isotopic purity), [2H8]naphthalene 
(>98%; >99% isotopic purity), and [2H4]4-ethyl phenol (99%; >98% isotopic purity) 
were purchased from C/D/N Isotopes (Pointe-Claire, QC, Canada); [2H10]benzophenone 
(>99%; >99% isotopic purity) was purchased from o2si Smart Solutions (Charleston, 
SC). A [U13C] internal standard extract where the concentration of [U13C]hexanal and 
[U13C]hexanol was ca. 30 µg/mL in MeOH was prepared as described in Supplementary 
Information (Figure S1). Deionized distilled water (18 MΩ) was used for all 
experiments (EMD Millipore Advantage A10). For the grapes, a pH 7.0 buffer solution 
was prepared from 0.1 M sodium phosphate dibasic/0.1 M sodium phosphate 
monobasic. For the tomatoes, a pH 7.5 buffer solution was prepared from 0.1 M EDTA. 
Both were stored at 4 °C.  
Sample Collection of Grapes and Tomatoes 
Grape samples for matrix effect evaluations were obtained from a research vineyard 
where seedlings from the cross of “Horizon” × Illinois 547-1 (V. rupestris × V. cinerea) 
[27] were grown. These vines were developed by Bruce Reisch of the Horticulture 
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Section at the New York State Agricultural Experiment Station, Geneva, NY, USA. The 
population was planted in two phases (1991 and 1998) with 2.7 m spaces between rows 
and 1.2 m between vines. About 400 g of ripe berries were collected from each of the 
140 progeny during the 2013 harvest. The bagged samples were transported on ice packs 
in coolers back to the research station, where they were immediately moved into −20 
°C storage.  
Tomato fruit samples were obtained from an RIL population (148 lines) derived 
from an interspecific cross between Solanum lycopersicum L. breeding line NC EBR-1 
and Solanum pimpinellifolium L. accession LA2093 [36]. Three plants of each of the 
148 RILs and their two parents were grown in an open field in Live Oak, FL, USA 
during the spring of 2015. Red-ripe fruits were harvested from each plant, and pericarp 
tissues of at least three fruits per plant were flash-frozen in liquid nitrogen the following 
day. Samples were ground to a fine powder with an IKA A11 analytical mill (IKA®-
Works, Inc., Wilmington, NC, USA, ) and stored in 50 mL centrifuge tubes at −80 °C 
for future analysis. 
Sample Preparation of Grapes and Tomatoes 
Standard sample processing approach for grapes: For each individual (n = 140), 
frozen berries were thawed for 10 min, and 150 g were destemmed and macerated for 
60–90 s in a chilled 250 mL stainless steel Waring blender. Berry slurry (5 g per vial, 
done in duplicate) was immediately transferred to two amber 20 mL SPME vials 
prefilled with 3 g of NaCl. The pH 7 phosphate buffer (5 mL; 0.1 M) was added, along 
with 20 µL of [U13C] internal standard extract where the concentration of [U13C]hexanal 
and [U13C]hexanol was ca. 30 µg/mL in MeOH, as well as 20 µL of [2H3]eucalyptol, 
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[2H3]methyl anthranilate [2H3]IBMP, and [2H3]IPMP, where concentrations were ca. 2 
ng/mL, 20 ng/mL, 20 pg/mL, and 20 pg/mL, respectively. 
Standard sample processing approach for tomatoes: Samples (n = 243, from 114 of 
the 148 lines) were prepared according to Tikunov et al. [37] with slight modifications. 
Briefly, 1.5 g of ground tomato fruit tissue was aliquoted from each 50 mL centrifuge 
tube into a precooled (dry ice) 15 mL centrifuge tube, and immediately placed back on 
dry ice and stored in −80 °C. Prior to the analysis, the samples were thawed in a 30 °C 
water bath for 2 min. Then, 1.5 mL of 100 mM EDTA solution was added to the 15 mL 
tube, and the tube was shaken vigorously. Subsequently, the slurry (~2 mL) was 
transferred to a 10 mL SPME vial containing 2.4 g CaCl2. The internal standard cocktail 
was immediately added. The cocktail contained 2-octanone, nonyl acetate, 4-methyl-2-
pentanol, [2H2]-(E)-2-hexenal, [2H3]IPMP, [2H4]furfural, [2H8]naphthalene, [2H4]4-
ethyl phenol, and [2H10]benzophenone; all concentrations were ca. 1.25 µg/mL. Samples 
were tightly capped, vortexed, and stored at 4 °C for 24 h prior to analysis.  
Analysis of Grape Volatiles by HS-SPME-GC-MS 
Volatile quantification was performed via HS-SPME–GC–TOF–MS (Pegasus 4D, 
LECO Corp., St. Joseph, MI, USA). Although the instrument is capable of two-
dimensional GC analyses, all work was carried out in 1-D GC mode with the modulator 
and secondary oven turned off. A 2 cm 
divinylbenzene/Carboxen®/polydimethylsiloxane (DVB/CAR/PDMS) fiber was used 
for all HS-SPME extractions, with an incubation temperature of 40 °C, a pre-extraction 
incubation time of 10 min, and 30 min for HS-SPME extraction. A split/splitless injector 
was used with a constant temperature of 250 °C. SPME injections were splitless with a 
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flow rate of 50 mL/min and purge time of 3 min. Helium was used as a carrier gas at a 
flow rate of 1.5 mL/min. The GC column was a DB-5 ms (30 m × 0.25 mm × 0.25 μm, 
Varian, Walnut Creek, CA). The initial GC oven temperature was 50 °C and held for 5 
min, then ramped to 180 °C at 5 °C per min, then ramped to 240 °C at 15 °C per min 
and held at 240 °C for 15 min. The TOF–MS was operated in EI mode with an ionization 
energy of 70 eV. The electron multiplier was set to 1700 V. MS data from m/z = 20−400 
was stored at 5 Hz. Data processing was carried out by the LECO ChromaTOF software. 
The qualifier ions were as follows: for [U13C]hexanal, m/z 46, 60, 76, 88; for 
[U13C]hexanol, m/z 60, 74, 90; for [2H3]eucalyptol, m/z 114, 142, 157; for [2H3]methyl 
anthranilate, m/z 95, 122, 154; for [2H3]IBMP, m/z 127, 154, 169; and for [2H3]IPMP, 
m/z 127, 140, 155. The quantifier ions for [U13C]hexanal, [U13C]hexanol, 
[2H3]eucalyptol, [2H3]methyl anthranilate, [2H3]IBMP, and [2H3]IPMP were m/z 76, 74, 
157, 154, 127, and 140, respectively.  
Analysis of Tomato Volatiles by HS-SPME-GC-MS 
The same GC-TOF-MS instrument was used for tomato analyses. A 1 cm 
DVB/CAR/PDMS fiber was used for all HS-SPME extractions, with an incubation 
temperature of 50 °C, a pre-extraction incubation time of 5 min, and 30 min for HS-
SPME extraction. A split/splitless injector was used with a constant temperature of 250 
°C. SPME injections were splitless with a flow rate of 50 mL/min and purge time of 3 
min. Helium was used as a carrier gas at a flow rate of 1 mL/min. The GC column was 
a CP-Sil 8 ms (30 m × 0.25 mm × 0.25 μm, Agilent, The Netherlands). The initial GC 
oven temperature was 45 °C and held 5 min, then ramped to 180 °C at 5 °C per min, 
then ramped to 280 °C at 25 °C per min and held at 280 °C for 5 min. The TOF-MS was 
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operated in EI mode with an ionization energy of 70 eV. The electron multiplier was set 
to 1700 V. MS data from m/z = 41−250 was stored at 5 Hz. Data processing was carried 
out by the LECO ChromaTOF software. The qualifier ions were as follows: for 2-
octanone, m/z 43, 58, 71, 128; for nonyl acetate, m/z 43, 56, 70, 98, 126; for 4-methyl-
2-pentanol, m/z 45, 69, 87; for [2H2]-(E)-2-hexenal, m/z 57, 71, 85, 100; for [2H3]IPMP, 
m/z 127, 140, 155; for [2H4]furfural, m/z 42, 70, 98, 100; for [2H8]naphthalene, m/z 108, 
136; for [2H4]4-ethyl phenol, m/z 111, 126; and for [2H10]benzophenone, m/z 82, 110, 
192. The quantifier ions were as follows: for 2-octanone, m/z 128; for nonyl acetate, m/z 
43; for 4-methyl-2-pentanol, m/z 45; for [2H2]-(E)-2-hexenal, m/z 85; for [2H3]IPMP, 
m/z 140; for [2H4]furfural, m/z 100; for [2H8]naphthalene, m/z 136; for [2H4]4-ethyl 
phenol, m/z 111; and for [2H10]benzophenone, m/z 110. 
Statistical Analyses 
Within- and across-replicate errors were calculated for each standard using the 
following formula, where 𝜎"	represents the standard deviation of the log transformed 
peak area: 
𝜎" = 	%∑ (𝑥) − 𝑥),-)	.	/ 𝑁  (1) 
where 𝑥) = 	𝑙𝑜𝑔 4 [6789];<=>?@AB<	C	DE	?FG?H?GIA>	?[J;<A];<=>?@AB<	CK	[J;<A];<=>?@AB<	LL M of the ith individual in the population for within-
replicate error ( 𝜎",O)PQ)R ), 𝑥) = 	𝑙𝑜𝑔 S [6789];<=>?@AB<	C	DE	?FG?H?GIA>	?T89R	9789	UV	WP9RX97X	9Y7UWW	W9TZ[8	ZUZ\[9P)UR]  for across-
replicate error (𝜎",9Y7UWW), and 𝑥 = mean value of 𝑥) for the population.  
The pairwise matrix error (𝜎WP9RX97X	/,WP9RX97X	,) for each pair of standards was 
calculated using the above formula for 𝜎", where 𝑥) = 𝑙𝑜𝑔 S[6789]^BAFGA;G	C[6789]^BAFGA;G	L]	and 𝑥 = mean of 
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the log-normalized ratios for each pairwise comparison (n = 140, n = 243). These 
comparisons were performed on all the internal standards. 
The relative standard deviation (RSD) was calculated from the error by the 
following formula: 𝑅𝑆𝐷 = (10de − 1)	× 	100%  for 𝜎",O)PQ)R , 𝜎",9Y7UWW , and 𝜎	WP9RX97X	/,WP9RX97X	,. 
R Studio v 1.0.153 (R Studio, Boston, MA, USA) was used for statistical analysis; 
JMP v 12.0 (SAS Institute Inc., Cary, NC, USA) was used for data visualization. 
 
RESULTS AND DISCUSSION  
General Approach to Estimating Compound × Sample Interactions (𝜎WPX	/,WPX	,) in 
Plant Populations 
The purpose of this study was to (i) develop and apply a quantitative approach for 
estimating the extent of Compound × Individual interactions during HS-SPME 
analysis and (ii) examine the appropriateness of using a single surrogate standard for 
volatile profiling in a given matrix as compared to more accurate (and more tedious 
and expensive) methods such as recovery spikes and isotopically labeled standards. In 
brief, the approach is as follows: 
1. Samples are spiked with a cocktail of internal standards prior to SPME-GC-MS 
analysis (Figure 1). In the present work, as we were studying plant populations, 
these standards were either isotopic analogues of plant-derived odorants, or non-
labeled surrogate standards previously reported for use in plant volatile profiling.  
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2. Pairwise matrix error (𝜎WPX	/,WPX	,) is calculated as described in the Methods 
section and Figure 1, where the Compound × Individual interaction is assessed 
across a population for each internal standard, and quantified by the 𝜎WPX	/,WPX	, 
value. 
 
Figure 2.1: Overview of the experimental design.  
(a) Multiple non-native internal standards were added to each plant individual during 
sample preparation. (b) Samples were analyzed by HS-SPME-GC-MS (simulated data 
shown). In some cases, pairs of standards had similar relative ratios across multiple 
individuals (Outcome 1), while in other cases there was evidence of Compound × 
Individual matrix effects, in which the relative peak areas for pairs of standards 
changed among individuals (Outcomes 2 and 3). (c) Compound × Individual matrix 
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effects were quantitated by comparing the log-transformed integrated peak areas for 
each standards pair using the pairwise matrix error formula (𝜎WPX	/,WPX	,) described in 
the Methods section. 
As proof of principle of the approach, we evaluated two plant populations where 
genome sequencing has been performed and for which there is interest in 
understanding the biochemical pathways responsible for regulating plant health, i.e., 
resistance to biotic and abiotic stress, as well as fruit quality [26]: (i) a Vitis spp. grape 
population (“Horizon” × Illinois 547-1) that had recently been genotyped using next-
generation sequencing (NGS) approaches [7,27], and (ii) a tomato RIL population, 
which was recently genotyped by using the GBS (genotyping by sequencing) method 
[28] and evaluated using a single internal standard (Gonda et al., in preparation). 
While this approach yielded good results in a melon population [29], it is possible to 
discover better QTLs with better-matched internal standards. 
Quantitating Compound × Individual Matrix Effects in a Grape Population 
In initial inspection of our HS-SPME-GC-MS dataset, we observed good 
reproducibility of internal standard peak areas for analytical replicates from the same 
grape individual (𝜎",O)PQ)R); precisions ranged over RSD = 12–20% for all volatiles 
except for [U13C]hexanal = 32% (data not shown). This range for precision is 
comparable to those in previous literature reports using HS-SPME-GC-MS on grape 
volatiles [30]. The presence of Compound × Individual interactions in the grape 
population is illustrated by three representative chromatograms, each depicting the 
behavior of a different compound pair across three individuals (Figure 2). For certain 
compound pairs, the variation in matrix effects is well correlated, e.g., for [2H3]IBMP 
  
 13 
and [2H3]IPMP, Figure 2 (top). Although the signal is ~50% higher in Individual C 
than in Individual A for [2H3]IPMP, a similar change is seen for [2H3]IBMP; thus, the 
two compounds could serve as surrogate standards. In contrast, the relative responses 
of other compound pairs ([2H3]eucalyptol and [2H3]methyl anthranilate, Figure 2 
(middle); and [U13C]hexanal and [U13C]hexanol, Figure 2 (bottom)) were not 
consistent. For example, the [2H3]methyl anthranilate signal was 4-fold higher in 
Individual A than in Individual B, but the [2H3]eucalyptol signal was nearly 
unchanged.  
 
Figure 2.2: Chromatograms (left) and corresponding box plots (right) of Compound × 
Individual matrix effects for three pairs of internal standards in three different grape 
individuals (A, B, C). Internal standards are [2H3]IBMP and [2H3]IPMP (top), 





In our analyses, samples were prepared and run in batches of up to 30 runs. Since 
a run length was approximately 60 min, including oven cooling time, some samples 
would have sat for up to 30 hours before analysis. Although we used brine addition to 
disrupt enzymatic activity and randomized the order of analyses, we were still 
concerned that variation in the signal could have arisen from nonenzymatic reactions 
or residual enzymatic activity. To evaluate this possibility, regression analyses of peak 
area versus run number were performed for each standard. Representative plots for 
[U13C]hexanal and [U13C]hexanol are shown in Supplementary Figure S2; other plots 
are not shown. With the exception of [U13C]hexanal (p = 0.01, r2 = 0.18), no 
significant effect of run number was observed for any of the internal standards. The 
effect of run number on [U13C]hexanal was negative (decreasing signal intensity over 
time), and we observed that eliminating the first five vials of each batch from the 
ANOVA resulted in no significant correlation between run number and signal (p > 
0.05, data not shown). The higher [U13C]hexanal response in earlier runs was not due 
to instability of the standard under aqueous conditions—we observed no change in 
[U13C]hexanal in a model juice system over 48 h (data not shown), nor was an 
increase observed for [U13C]hexanol during later runs (Supplementary Figure S2). An 
alternate explanation for the higher [U13C]hexanal in the first few runs of each batch is 
that the compound reacted with other nucleophilic juice components (e.g., 
polyphenols) [31]. Regardless of the cause, the effect of pre-analysis time explained 
only a small portion of the total variation observed in the [U13C]hexanal response 
among individuals.   
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To quantitate Compound × Individual matrix effects (𝜎WPX	/,WPX	,) we used the 
approach described in the previous subsection and outlined in Figure 1. Summary 
statistics are shown for each compound pair (Figure 3), where the percent relative 
standard deviation was calculated from the log-normalized pairwise matrix error. The 
pairwise matrix error for any two compounds will approach zero assuming that the 
compounds have minimal Compound × Individual matrix effects. Pairwise errors 
ranged from 17% to 249% for the 15 possible pairwise combinations. The smallest 
pairwise error (17%) was observed for [2H3]IPMP and [2H3]IBMP. This error is only 
modestly worse than precisions reported for 200 pg/g spikes of unlabeled IBMP and 
IPMP in Cabernet franc grape matrixes, quantified against [2H3]IBMP, which had % 
CVs of 2–8% [32]. IBMP and IPMP are homologues differing only by the presence of 
an additional -CH2- group in IBMP, and thus are expected to share similar chemical 
properties. Thus, it is unsurprising that the pairwise matrix error is small. However, 
the pairwise matrix error was considerably worse for most of the other labeled analyte 
pairs. For example, the RSD associated with [2H3]methyl anthranilate quantified by 
[2H3]eucalyptol, [2H3]IBMP, or [2H3]IPMP ranged from 83 to 97%, while the 
minimum RSD associated with quantifying a compound by either [U13C]hexanal or 
[U13C]hexanol was 83% and rose to 249% when quantifying [U13C]hexanal with 
[U13C]hexanol. Interestingly certain combinations have low pairwise errors in spite of 
having different functional groups, e.g., [2H3]eucalyptol had low error (28–29%) when 




Quantifying Compound × Individual Matrix Effects in a Tomato RIL Population 
We trialed our approach with a tomato RIL population spiked with nine internal 
standards. This tomato population was selected because it had previously undergone 
volatile profiling using a single, non-native internal standard (2-octanone) [2]. The 
pairwise matrix error ranged from 8% to 56% among the 36 standard pairs evaluated 
(Figure 4). As with the grape population, compound pairs that showed the greatest 
differences in response across individuals (high values for 𝜎WPX	/,WPX	,) were not 
readily predictable from their chemistry. For example, it has been previously reported 
that volatiles with aromatic rings could participate in π-π interactions, decreasing their 
SPME response [33]. We therefore expected that internal standards with aromatic 
rings (e.g., [2H4]-4-ethyl phenol) should exhibit more correlated responses across 
individuals (lower 𝝈𝒔𝒕𝒅	𝟏,𝒔𝒕𝒅	𝟐 values) than with nonaromatic standards. However, we 
observed that [2H4]-4-ethyl phenol showed similar (and relatively high) pairwise 
variation with respect to both straight-chain compounds (2-octanone, nonyl acetate; 𝝈𝒔𝒕𝒅	𝟏,𝒔𝒕𝒅	𝟐 = 37-48%) and other aromatic compounds ([2H8]naphthalene, 
[2H10]benzophenone, [2H3]IPMP; 𝝈𝒔𝒕𝒅	𝟏,𝒔𝒕𝒅	𝟐 = 42–49%). Conversely, [2H3]IPMP 
showed similar matrix effects with both a mid-chain branched alcohol (4-methyl-2-
pentanol; 𝝈𝒔𝒕𝒅	𝟏,𝒔𝒕𝒅	𝟐 = 15%) and the polyaromatic [2H8]naphthalene (𝝈𝒔𝒕𝒅	𝟏,𝒔𝒕𝒅	𝟐 = 
8%). Overall, Compound × Individual matrix effects in the tomato population were 
considerably less than those observed in the grape population, with 𝝈𝒔𝒕𝒅	𝟏,𝒔𝒕𝒅	𝟐 values 
ranging from 8% to 56%. Even at the extreme case of mismatched standards ([2H4]-4-
ethylphenol vs [2H4]furfural or [2H2]-(E)-2-hexenal), the extent of the error (𝝈𝒔𝒕𝒅	𝟏,𝒔𝒕𝒅	𝟐 
= 56%) may still be tolerable for many studies. The reason why Compound × 
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Individual matrix effects occur to a lesser extent in the tomato population as compared 
to the grape population in our study is unclear, and further research is needed to 
determine if this is a general phenomenon or specific to this population.  
 
Figure 2.3: Compound × Individual matrix effects (%RSD) for pairs of six isotopically 




Figure 2.4: Compound × Individual matrix effects (%RSD) for pairs of nine non-
native internal standards in a tomato population. 
 
Consequences of Compound × Individual Matrix Effects within Plant Populations  
The sample matrix is well known to affect HS-SPME recovery, either through 
competition on the SPME fiber, or through altering the volatility of analytes [5]. A less-
appreciated problem is that HS-SPME matrix effects can show Compound × Individual 
interactions, which will affect the accuracy of even semiquantitative analyses (relative 
responses). Using our novel approach (Figure 1) we quantitated the extent of such 
interactions; pairwise errors arising from Compound × Individual matrix effects ranged 
from 17% to 249% among the 15 standard pairs evaluated in a grape population (Figure 
3) and from 8% to 56% among the 36 standard pairs in a tomato population (Figure 4). 
In the worst-case scenario for either population (RSD = 249%), the 95% confidence 
interval would extend over 2 orders of magnitude. In situations where large, qualitative 
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variations in a trait are observed, these effects will likely be tolerable. For example, 
floral-smelling monoterpenes are up to 1000-fold higher in Muscat-type grapes as 
compared to non-Muscat grapes [12], and the trait is under the control of a single major 
locus (VvDXS). However, many volatiles in grapes (and other plants) vary over a more 
limited range. For example, IBMP concentrations are reported to range from <1 ng/L to 
55 ng/L in wines produced from cultivars containing methoxypyrazines [34]. In these 
cases, a considerable portion of observed variation could arise from matrix effects rather 
than from real differences among samples, and the use of a poorly matched surrogate 
standard would likely obscure real differences. Although these issues could be 
addressed through approaches such as the use of isotopologues (stable isotope dilution 
analysis, SIDA), these standards are often expensive, challenging to synthesize, and/or 
not widely available [35]. Furthermore, the use of labeled standards requires that targets 
be identified prior to analysis, and therefore would not be appropriate for nontargeted 
studies in which analytes are identified post hoc. A key contribution of the approach 
described in this paper is that it allows for a quantitative estimate of the likely error 
associated with using a limited number of surrogate standards within a given matrix, 
and allows a researcher to determine if SIDA or other more involved approaches (e.g., 
recovery spikes) are advisable. Finally, although the work in this paper was limited to 
two plant populations, the approach should be broadly applicable to any study with 
many individual samples. 
Conclusions  
We have reported an approach to estimating the extent of Compound × Individual 
matrix effects during volatile analyses. In this approach, the variances of the ratios of 
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non-native standard pairs are determined, and the range of these values establishes the 
error expected from using a single surrogate standard during volatile analyses. This 
report specifically focused on the use of HS-SPME-GC-MS for the characterization of 
volatiles in plant populations (tomato and grape), although the approach should be 
equally appropriate for application to other analytical techniques or populations. We 
observed much greater Compound × Individual matrix effects for compound pairs in 
the grape population, with RSD = 249% for the pair of hexanal and hexanol. We also 
observed that the best surrogate standard for a given compound could not be easily 
predicted from the chemical structures of the compound. Based on these results, in 
situations where surrogate standards are used in HS-SPME-GC-MS analyses, we 
recommend characterizing the extent of Compound × Individual matrix effects to 
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CHAPTER 3  
MALATE CONTENT IN WILD VITIS SPP. DEMONSTRATES A RANGE OF 
BEHAVIORS DURING BERRY MATURATION  
 
ABSTRACT 
Wild Vitis spp. and their interspecific hybrids are known to have high malate 
concentrations at sugar maturity as compared to domesticated vinifera, but it is unknown 
if differences in malate at harvest among species arise from differences in malate 
accumulation or degradation. Over two years, fruit from V. riparia and V. cinerea 
accessions along with commercial V. vinifera and interspecific hybrid cultivars were 
collected at multiple time points. In contrast to the well-known biphasic behavior of 
malate in vinifera (pre-veraison accumulation, post-veraison degradation), we observed 
a range of behaviors for malate in wild species. On average, riparia accessions had 
malate per berry comparable to vinifera just prior to veraison, but degraded malate to a 
much lesser extent. Cinerea accessions had significantly lower malate prior to veraison 
than all other groups, but showed a post-veraison increase in malate. Variation in post-
veraison malate behavior appears related to diminished malate degradation in the 
mesocarp of wild Vitis spp. Our results indicate that studies of malate behavior in Vitis 






Hybrids of domesticated European grapes and wild grape (V. vinifera × Vitis spp.) 
have several advantages over V. vinifera, such as improved cold hardiness and disease 
resistance (Reisch et al. 2012). However, these interspecific hybrids can yield wines 
with undesirable organoleptic properties, including excessive sourness (Rice 1974; 
Coquard Lenerz 2012). Sourness is well correlated with titratable acidity (TA) (Plane 
et al. 1980), and several wild Vitis spp., e.g. V. riparia, V. rupestris, and V. cinerea, 
can have TA approaching 50 g/L as tartaric acid equivalents even at normal levels of 
total soluble solids (TSS) for harvest-ripe grapes (TSS > 20 Brix) (Sun et al. 2011). 
These concentrations are considerably higher than the TA range of 6-9 g/L typically 
observed in mature V. vinifera (Waterhouse et al. 2016). The major organic acid in 
many wild Vitis spp. is malate, where it can be present at concentrations > 20 g/L in 
mature fruit (Kliewer et al. 1967). Similarly, interspecific hybrids are reported to have 
higher malate than their V. vinifera counterparts at harvest (5.0-7.3 g/L vs. 2.7-4.2 
g/L), even when grown on the same site with similar cultural practices (Haggerty 
2013). In winemaking, high malate in grapes is of greater concern than high 
concentrations of the other major grape acid (tartaric), as the latter generally has a 
limited concentration range in wines due to the low solubility of potassium bitartrate 
in hydroalcoholic solutions (Waterhouse et al. 2016). Remediation strategies for high 
malate, such as malolactic fermentation and ‘double-salt’ precipitation, are not 
appropriate for all wines and can still result in high TA even once complete 
(Waterhouse et al. 2016). Thus, producing hybrid grapes with lower malate is of 
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interest to the wine industry, either through use of appropriate viticultural practices or 
through breeding of new grape cultivars. 
Malate exhibits a biphasic pattern in vinifera with initial accumulation in the vacuoles 
of immature fruit, primarily in the mesocarp (Iland and Coombe 1988). Starting at 
veraison, malate content decrease largely because berries switch from accumulating to 
degrading malate, and to a more limited extent because of dilution due to berry 
expansion (Sweetman et al. 2009). In contrast, the temporal pattern leading to the final 
malate content in berries of wild Vitis spp. and their hybrids has not been 
characterized, and mechanistic explanations for high malate have not been presented. 
Quantitative trait loci (QTL) analyses of Vitis spp. populations have been ambiguous – 
one study of a Seyval F2 mapping population identified a weak QTL in a region 
containing a gene associated with an aluminum-activated malate transporter (ALMT) 
(Yang et al. 2016); another identified several minor QTLs for malate, but were unable 
to assign these to specific candidate genes (Chen et al. 2015). One limitation of these 
studies is the attempt to characterize this dynamic trait by the use of a single time-
point, i.e., post-veraison, mature fruit, masking possible differences in the temporal 
pattern of malate. The goal of this research was to characterize the developmental 
profile of malate in accessions of Vitis spp. of interest to grape breeders (cinerea, 
riparia) in comparison to vinifera and hybrid cultivars, and will facilitate the testing of 





MATERIALS AND METHODS 
 
Sample Collection and Preparation – Behavior of malate during ripening of Vitis spp. 
 
V. riparia and V. cinerea grape clusters (~250 g) were collected from USDA-ARS 
Cold Hardy Grape Germplasm collection (Geneva, NY), and V. vinifera and 
interspecific hybrid samples were collected at Silver Thread Vineyards (Lodi, NY), 
and Swedish Hill Vineyards (Romulus, NY). Sampling took place on 03 Aug. 2015, 26 
Aug. 2015, and 07 Oct. 2015 and between 09 Aug. 2016 and 05 Oct. 2016. For both 
2015 and 2016, samplings were taken during the lag phase prior to veraison, and a 
subsequent 2-4 more samplings were taken until maximum ripeness, determined both 
by berry color and TSS, was achieved. Due to the asynchronous ripening across 
clusters and species, veraison was defined as the intermediate date between berry 
collection at all green color and at 100% color change per accession. This was further 
corroborated by TSS measurements at each sampling. For most cultivars, the final 
sampling point occurred at TSS associated with commercial maturity (> 20 Brix), 
although some late-maturing V. cinerea accessions did not reach this level. For 2015, 
in total, 103 samples were analyzed: 19 V. cinerea (7 accessions), 54 V. riparia (15 
accessions), and 30 V. vinifera (5 cultivars). For 2016, 132 samples were collected: 59 
V. cinerea (16 accessions), 35 V. riparia (10 accessions), 17 V. vinifera (3 cultivars), 
and 21 Vitis interspecific hybrids (4 cultivars). Wild Vitis accession numbers and 
interspecific hybrid and V. vinifera cultivar information are listed in Supplementary 
Table 1. All samples were frozen at -20 °C until processing. For sample preparation, 
30 g of frozen berries selected at random were destemmed, counted, and weighed to 
determine mean berry weight. Berries were then thawed at room temperature for 20 
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min, macerated for 120 s in a chilled 250 mL stainless steel Waring blender, and 
strained through cheesecloth.  
Sample Collection and Preparation – Distribution of malate between skin and 
mesocarp across Vitis spp. 
 
V. riparia and V. cinerea grape clusters (~250 g) were collected from USDA-ARS 
Germplasm (Geneva, NY), and V. vinifera samples were collected from the Cornell 
Cooperative Extension (CCE) and Finger Lakes Community College (FLCC) teaching 
vineyard at Anthony Road Wine Co. (Penn Yan, NY). Sample list and basic fruit 
chemistry are included in Supp. Info., Table 1. Sampling took place at the onset of 
veraison in each genotype and ca. 30 days after, spanning between 14 Aug. 2018 and 
31 Oct. 2018. All samples were frozen at -80 °C until processing. From each sample, a 
random subsample of 15 berries was taken and weighed. Berry dissection of skin, 
mesocarp, and seeds followed Iland and Coombe (1988), with slight modifications. 
Berries were placed on dry ice to keep the mesocarp frozen and limit the adhesion of 
cells to skin tissues. Berry skin was carefully peeled, patted dry on filter paper, and 
weighed. The remaining mesocarp and seeds were weighed and gently crushed to 
avoid seed damage. For extraction of water-soluble malate, berry mesocarp and seeds 
were combined with DDI water (approx. 2 × tissue mass in mL) and agitated in a 
parafilm-sealed 50 mL Erlenmeyer flask for 10 min, after which no further extraction 
of malate occurred (data not shown). One mL of extract was diluted 10-fold in DDI 
water for malate analysis. After extraction, seeds were wiped dry with a paper cloth 
and weighed.         
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Sample Characterization: Soluble Solids, pH, Malate 
Total soluble solids and pH were measured on extracted juice by a digital 
refractometer (Sper Scientific, Ltd., model # 300053, Scottsdale, AZ) and pH meter 
(ThermoScientific, Orion 5 Star Series, Waltham, MA) respectively.  
For malate, an enzymatic analysis method outlined in Zoecklein et al. (1999) was 
employed. For the survey of Vitis spp., malate was analyzed by an Agilent 8453 UV-
vis spectrophotometer (Santa Clara, CA). Assay reagents (Glycine, hydrazine sulphate 
salt, NaOH, β-NAD, DL-malic acid, and malate dehydrogenase (2,770 U/mg protein, 
in ammonium sulfate suspension)) were purchased from Sigma Aldrich. For dissected 
tissues, malate was quantified using a ML 8343 UV-based malic acid kit on an RX 
Monaco autoanalyzer (Randox Laboratories Ltd.).  
Statistical Analysis 
Statistical tests were performed using JMP V.14 (SAS Institute Inc., Cary, NC). 
Malate measurements were natural-log transformed to normalize the data prior to 
analysis. 
 
RESULTS AND DISCUSSION 
 
Wild Vitis spp. show less malate degradation than vinifera  
The behavior of malate in accessions of two wild species (V. cinerea and V. riparia) 
from a national germplasm collection were evaluated in comparison to domesticated 
vinifera and interspecific hybrids. These wild species were selected due to their 
importance to wine grape breeding programs, e.g. as a source of powdery mildew 
resistance (Fresnedo-Ramírez et al. 2017) and cold hardiness (Londo and Kovaleski 
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2017). TSS, pH, and malate content for all time points and cultivars/accessions are 
presented in Supplementary Table 1. Most accessions/cultivars reached TSS > 20 
Brix, a level typically associated with commercial maturity in the Finger Lakes, 
although some late maturing cinerea accessions did not reach this level. 
Representative examples of malate content for each Vitis species as a function of 
maturity, defined as days post-veraison (dpv), are presented in Figure 1. The species 
bloomed and matured at different times, resulting in variation in the earliest and latest 
sampling points (in dpv) – however, all accessions were measured between 
approximately -15 to +15 dpv. Vinifera cultivars demonstrated the classical, biphasic 
pattern of malate accumulation before veraison, and an 80-90% decrease on a per 
berry basis post-veraison (Iland and Coombe 1988). In comparison, wild Vitis spp. 
also accumulated malate pre-veraison, but appeared to have negligible malate 





To facilitate statistical analyses, we compared malate content per berry (Figure 2) at 
lag phase prior to color change (approximately -15 dpv for 2015 and -11 dpv for 2016) 
among species. Similar comparisons were performed for post-veraison samples at 15 
dpv for 2015 and 19 dpv for 2016. As seen in Figure 2a and 2c, pre-veraison malate 
was significantly lower in V. cinerea (mean = 3.6 mg / berry for 2015; 5 mg / berry for 
Figure 3.1: Representative examples of temporal patterns of malate behavior 
(mg/berry) as a function of days pre/post-veraison among Vitis spp.. Individual 
cinerea and riparia accession numbers are shown in parentheses. 
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2016) than other species (vinifera, riparia, and interspecific; range = 9 – 16 mg / berry 
across the 2 years; Figure 2a and 2b, p < 0.05).  At the post-veraison time point, there 
was no significant difference in the malate content among species (Figure 2b) in 2015. 
However, in 2016, malate content in cinerea and riparia was significantly greater than 
in vinifera and the interspecific hybrids (p<0.05) (Figure 2d). Similar statistical 
analyses were performed on malate concentrations (w/v) at pre and post-veraison time 
points (Figure 3). Differences in pre-veraison malate concentrations among species 
were not consistent across 2015 and 2016, although V. riparia was in the highest 
concentration grouping for both years (mean = 21-25 g/L) (Fig. 3a and 3c). At the 
post-veraison time points, malate concentrations followed the order of cinerea > 











Figure 3.2: Box plots of malate content (mg/berry) by species, partitioned by 
both year and developmental time point (pre vs. post-veraison). A) Malate 
content by species for 2015 at -15 dpv (“pre-veraison”). B) Malate content by 
species for 2015 at 15 dpv (“post-veraison”). C) Malate content by species for 
2016 at -11 dpv (“pre-veraison”). D) Malate content by species for 2016 at 19 
dpv (“post-veraison”). Statistical analysis was performed using ln-transformed 
malate values for normalization; letters denote statistically different malate 




Figure 3.3: Box plots of malate concentrations (g/L) by species, separate by year and 
developmental time point (pre vs. post-veraison). A) Malate concentrations by species 
for 2015 at -15 dpv (“pre-veraison”). B) Malate concentrations by species for 2015 at 
15 dpv (“post-veraison”). C) Malate concentrations by species for 2016 at -11 dpv 
(“pre-veraison”). D) Malate concentrations by species for 2016 at 19 dpv (“post-
veraison”). Statistical analysis was performed using ln-transformed malate values for 
normalization; letters denote statistically different malate concentrations (p < 0.05). 
 
Malate content for V. vinifera was consistent with literature values at both pre and 
post-veraison stages (Ruffner 1982; Kliewer et al. 1967). This is the first report of pre-
veraison malate for V. cinerea, V. riparia and the interspecific hybrid cultivars. Post-
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veraison values for V. cinerea and V. riparia (11.4 and 10.6 mg/berry for 2015; 10.0 
and 9.2 mg/berry for 2016) were comparable to pre-veraison maximum of V. vinifera, 
and concentrations on a w/v basis (mean = 3.0 g malate/100 mL V. cinerea and 1.9 g 
malate/100 mL V. riparia) agree with a survey of organic acids in the fruit of mature 
Vitis spp. (Kliewer 1967). Malate per berry did not differ significantly between 
interspecific hybrids and V. vinifera cultivars, although this may be a consequence of 
the small number of samples used, as reanalysis of data in a previous survey (Haggerty 
2013) did show significantly higher malate in hybrids on a concentration basis.  
A further analysis compared the ratio of post-veraison malate content (mg / berry) to 
pre-veraison content (mg / berry). All three species differed significantly from each 
other in 2015 (Fig 4a). For 2016, the ratio followed the order cinerea > riparia > 
hybrid and vinifera for 2016 (p<0.05) (Figure 4b). For both years, malate content in V. 
cinerea increase by > 100% from pre-to-post veraison, while it remained nearly 
unchanged in V. riparia. In V. vinifera, malate decreased by ~50% in 2015 and 80% in 












Across-year analysis indicates strong species-dependent malate behavior 
Twelve of the wild Vitis accessions (six V. cinerea and six V. riparia) were 
measured in both 2015 and 2016, and regression of malate content across the two 
years is plotted in Figure 5. An ANOVA was performed to evaluate the effects of year, 
species, year-by-species, and accession on malate content. Results show that the 
dominant effect is species (p < 0.001), with a lesser effect of year (p < 0.05). Year-by-
species and accession effects were both non-significant. The unexplained variation in 
pre-to-post veraison malate ratios within a species between the two years may indicate 
the presence of an accession-by-environment interaction. Malate degradation and to a 
lesser extent accumulation in vinifera are temperature dependent (Keller 2015), and 
speculatively these differences could be attributed to accession-dependent responses to 
the warmer 2016 season (2850 GDD) as compared to the 2015 season (2650 GDD) 
(Gerling and Walter-Peterson 2016).  
Figure 3.4: Box plots of the post/pre-veraison ratio of malate content (mg/berry) by 
species for 2015 (A) and 2016 (B). For 2015, “post/pre-veraison” are 15/-15 dpv 
respectively, and for 2016, they are 19/-11 dpv. Statistical analysis was performed 
using ln-transformed malate values for normalization; letters denote statistically 




Interspecific differences in grape malate behavior is led by the mesocarp  
Previous work on vinifera reported that malate degradation during ripening is 
localized to the mesocarp, and that malate may increase slightly (~25%) in skins 
during berry maturation (Iland and Coombe 1988). To determine if variation in malate 
degradation among Vitis spp. could be related to variation in skin-to-mesocarp ratio, 
berries from vinifera, cinerea and riparia (two cultivars/accessions of each) were 
harvested at veraison and 30 days post-veraison and dissected. The proportion of skin 
tissue in cinerea and riparia berries reached 16 and 12% of berry mass respectively 
compared to 8% in vinifera berries (Supp. Table 2), with the last value agreeing with 
previous measurements of V. vinifera cv. Shiraz (Iland and Coombe 1988). The 
proportion of mesocarp was slightly higher in vinifera than in wild Vitis (87.5% vs. 
73.4%, Supp. Table 2). More notable differences were observed in mesocarp malate 
content during ripening of Vitis spp. (Fig. 6a). In vinifera, malate in the mesocarp 
Figure 3.5: Post/pre-veraison ratios of malate content (mg/berry) for accessions 
of V. cinerea (n = 6) and V. riparia (n = 6) in 2015 and 2016. Each point 
represents the same accession, measured over two consecutive years. 
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decreased markedly (-80%) between veraison and 30 days post-veraison (loss of ~13 
mg of malate per berry), comparable to results in Iland and Coombe (1988). In 
contrast, the change in mesocarp malate in wild Vitis spp. ranged from -24% to 13% in 
the 30 day period after veraison, with an average change of -10% (Fig. 6b). The 
difference between the average post-veraison change in mesocarp malate for wild Vitis 
spp. and vinifera (-10% vs. -80%) is comparable to difference in malate change 
observed in whole berries. Therefore, a likely explanation for the post-veraison 
variation in malate behavior among Vitis spp. is differences in mesocarp malate 





Figure 3.6: Malate in dissected fruit mesocarp tissues of three Vitis spp.: vinifera, 
riparia, and cinerea. Berries were sampled at the onset of veraison in each 
genotype, and 32-35 days later, during the 2018 growing season. A) Malate 
content per berry mesocarp at both ripening stages. B) Percent change in malate 
per berry in mesocarp in post-veraison fruit relative to its content at veraison. 
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Molecular and ecological explanations for differential malate behavior among Vitis 
species  
A mechanistic explanation for differences in malate accumulation and degradation 
among Vitis spp. is not clear at this point. A molecular understanding for these 
differences would be of interest to grape breeders interested in low-malate phenotypes, 
and could also serve as a model for other fleshy fruits that show a range of organic 
acid behaviors during ripening, as discussed below. Although the enzymes directly 
involved in malate metabolism in V. vinifera and other fleshy fruits have been well-
characterized, explanations for variation in fruit malate content – among genotypes, 
during maturation, or in response to environment – are lacking. Studies have 
attempted to correlate differences to key enzymes involved in malate metabolism, e,g. 
malate enzyme (NAD-ME) and PEPCK, however, the relation between expression or 
activity of these genes and malate behavior in grapes has been inconclusive 
(Sweetman et al. 2009). More recent work on organic acid accumulation in fleshy 
fruits has focused on the importance of vacuolar membrane transport. Malate (as an 
ionized dicarboxylate at cytosolic pH) is proposed to undergo facilitated diffusion 
through the tonoplast, before being protonated and trapped at vacuolar pH (Martinoia 
2018). In apples, a major QTL (Ma1) associated with an aluminum activated malate 
transporter (ALMT) explained differences in acidity between low- and high-acid 
phenotypes (Bai et al. 2012). A functional homolog (VvALMT9) has been detected in 
V. vinifera (de Angeli et al. 2013), and a minor QTL for malate concentration in an 
ALMT-containing region has been reported in a Vitis spp. mapping population (Yang 
et al. 2016). The loss of malate in post-veraison vinifera is proposed to be related to 
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increasing vacuolar pH during ripening, which allows for diffusion of malate back into 
the cytosol (Terrier et al. 2001). Speculatively, the apparent continuation of malate 
accumulation in some wild accessions in our work could relate to differences in the 
timing of the expression of ALMT and other membrane transporters (e.g. proton 
pumps responsible for the acidification of the vacuole (Terrier et al. 2001)). The high 
rate of malate degradation in vinifera as compared to the other species could then 
relate to differences in tonoplast integrity post-veraison, or to differences in proton 
pump activity. 
Our results also raise questions regarding the evolutionary role of malate 
degradation in post-veraison grapes. For example, the loss of malate during ripening is 
proposed to make grapes more attractive to frugivores (Keller 2015), which would be 
birds for small, dark-colored berries (e.g. riparia, vinifera, and cinerea). However, 
field experiments with artificial grapes have shown that although birds do prefer 
grapes with higher sugar content, bird feeding preferences are unrelated to acidity 
(Saxton et al. 2009). Furthermore, the behavior of acids in these wild Vitis is not 
unique among fleshy fruits. There are several fruits which show an increase in the 
concentration of their major organic acid or titratable acidity (or both) in maturing 
fruits, including strawberries (Moing et al. 2001) and kiwifruit (Walton and Jong 
1990). In summary, it is evident that a loss of acidity during ripening is not a pre-
requisite for Vitis spp. to attract frugivores.  
A second hypothesis for why vinifera degrade malate post-veraison is that the 
berry shifts to using malate as a metabolic substrate so that it can accumulate sugars 
(Keller 2015). This hypothesis was proposed based on the observation that the 
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respiratory quotient (that is, the ratio of CO2 produced to O2 consumed) increases 
during veraison, suggesting that malate replaces hexoses as a substrate. However, a 
recent report calculated that malate respiration could account for only 20-30% of CO2 
production during ripening (Famiani et al. 2014), and that malate consumption would 
decrease sugar respiration by only 2% (or, approximately 0.4 Brix, assuming 20 Brix 
fruit). Interestingly, a survey of 21 Spanish accessions of V. vinifera L. ssp. sylvestris 
(the wild ancestor of domesticated vinifera) over 3 years reported acid concentrations 
more comparable to V. riparia and cinerea than to domesticated vinifera (Revilla et al. 
2010). For example, in the 2008 growing season (the most extensively sampled) all 
sylvestris accessions had soluble solids associated with maturity in domesticated 
vinifera (> 20 Brix) but very high titratable acidity (range = 7.9-37.5 g/L, median = 
15.3 g/L, presumably as tartaric acid equivalents). A potential explanation for the high 
titratable acidity in most V. vinifera L. ssp. sylvestris is that they have minimal malate 
degradation post-veraison, and that the malate-degrading (and, thus lower acid) 
phenotype associated with modern V. vinifera cultivars was selected during their 
domestication, as occurred for apples (Malus) (Khan et al. 2014). In this case, the 
evolutionary role of post-veraison malate degradation in domesticated vinifera was to 




As compared to vinifera, wild Vitis spp. show reduced post-veraison degradation and 
in some cases post-veraison accumulation of malate on a per berry basis. These 
  
 43 
differences appear to be related to changes in metabolism within the mesocarp as 
opposed to differences in skin to mesocarp ratios. Future studies on differences in 
malate behavior in Vitis spp., e.g. for QTL analyses of mapping populations, should 
account for the variability of the dynamic nature of this trait within the Vitis genus by 
including both pre- and post-veraison sampling points. 
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CHAPTER 4  




As a means to ameliorate safety and environmental concerns with current 
curriculum, as well as expose students to the growing food systems industry, there is a 
need for more food science-related exercises in primary and secondary education. 
Specifically, we sought to develop a safe, high school appropriate, and demonstration-
rich lesson plan based on aroma and flavor chemistry that is aligned with the Next 
Generation Science Standards (NGSS). To achieve this, we designed a set of 
experiments in which students observe and explain sensory changes that occur 
following physiochemical changes (e.g. pH shifts, heating) of commercially available 
flavoring materials (e.g. vanilla extract and essential oils) or foodstuffs. These 
experiments cover NGSS concepts including chemical reactions, equilibrium, and 
constructions of evidence-based theories based on observed phenomena, as well as 
introducing food science concepts in sensory evaluation and food chemistry. 
Evaluations will be performed using the NGSS “Educators Evaluating the Quality of 
Instructional Products (EQuIP)” rubric. Successful plans will be shared with other 





There have been several incidents in recent years in high school chemistry classes 
which resulted in fatalities or severe injuries [1,2]. This has led to a re-evaluation of 
classroom safety [3], and an interest in identifying safe, instructive laboratory 
exercises that align with Next Generation Science Standards (NGSS) [4]. 
Concurrently, an increased need for food scientists [5] has resulted in attempts to 
increase awareness of food science at the primary, secondary, and post-secondary 
(undergraduate) education levels [6–8]. These efforts have been received positively by 
both students and instructors [9]. Prior work suggests that a food science-based 
scientific curriculum attracting students to STEM fields [10], and furthermore, recent 
findings indicate that incorporating food science modules into STEM education is a 
useful tool for teaching multidisciplinary science courses [11]. Science courses taught 
through food are reportedly more approachable, useful, relevant, easier to retain, and 
fun [10,12–14]. In addition to these benefits, materials for food science activities are 
typically easier to obtain and cheaper than traditional chemical reagents, as well as 
being more environmentally friendly and easier to dispose [9]. For example, all of our 
reagents for the activities described below were purchased from a local grocery store 
or online for ~$50. 
Despite this, other than short modules on nutrition or food safety [15], there are 
few educational materials on food science designed for secondary school chemistry 
labs, and none relevant to flavor. A common demonstration is pigment separation to 
demonstrate chromatography [16,17]. Fischer esterification is also widely used in 
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post-secondary labs for teaching introductory concepts in synthesis [18,19], although 
its relevance to producing flavor compounds is often ignored. 
This absence of materials for secondary school chemistry teachers related to aroma 
is striking because the chemistry of odorants (and odorant-matrix interactions) 
provides a rich environment for demonstrating core chemistry concepts. We sought to 
create activities similar to the one described in Kraft and Mannschreck [20], in which 
a core chemistry concept, e.g. stereochemistry, is taught using modalities, e.g. 
differences in familiar scents, that are interactive, safe, and touch upon basic principles 
of flavor chemistry, e.g. odor activity values. 
 
GENERAL NOTES FOR INSTRUCTORS 
These activities could be incorporated into learning modules regarding flavor, 
sensory perception, statistical analysis, classes of chemical structures, and analytical 
instrumentation. Activities 1 and 2 can be prepared ahead of time and presented via an 
instructor-only demonstration, or any/all of the activities can be performed as student 
experiments. The activities are easily divided into a station-style set-up with 2-3 
students per group.  
 
ACTIVITY 1: THE EFFECT OF PH CHANGES ON THE AROMA OF ACIDIC 
AND BASIC ODORANTS 
Materials: Instant coffee, liquid aminos (unfermented liquid amino acids, e.g. 
Bragg Liquid Aminos), citric acid, pickling lime (CaOH), pH strips, water. 
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Expected learning outcomes: At the completion of the activity, students will be 
able to (1) Define the terms odorant, volatile, and aroma, 2) describe how changes in 
pH affected the aroma of coffee and aminos, and 3) describe how the charge of a 
compound can affect its volatility, and relate this to changes in the aroma of the two 
samples. 
Activity overview: Students will label four jars as A (aminos at low pH), B (aminos 
at high pH), C (coffee at low pH), and D (coffee at high pH). Students will add 5 mL 
liquid aminos and 45 mL water to jars A and B, and the instant coffee (1/2 tsp in 50 
mL hot water – per package instructions) to jars C and D. The students will then add 
citric acid (4 g) to 1 jar of liquid aminos and 1 jar of instant coffee. They will repeat 
this procedure using pickling lime (CaOH) (2 g) for the remaining 2 jars. The jars 
should be sealed, swirled, and sniffed. Odor observations should be recorded. After 
this, using a glass pipet, students should transfer 1 drop of each solution to a pH strip 
to determine final pH for each jar.  
Discussion points: This activity works with any aroma compound that acts as an 
acid or base (i.e. primary odorants in coffee and liquid aminos are carboxylic acids). 
Students could calculate pKa as a post-activity exercise. Like other demonstrations in 
the literature [21,22], this activity is using the human nose as a pH probe, and 
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therefore could be a useful adaptation for teaching pH changes to visually impaired 
students instead of colorimetric tests [23]. 
 
ACTIVITY 2: THE EFFECT OF TEMPERATURE ON AROMA 
Materials: cherry and green apple extracts, hot plate, ice bath 
Expected learning outcomes: At the completion of the activity, students will be 
able to discuss how (1) temperature affects the concentration and type of flavor used 
in food products; (2) “fruity” smelling compounds (esters) degrade at high 
temperature. 
Activity overview: Students will prepare 6 beakers, each containing 50 mL of 
water. Beakers (2) should be placed on a hot plate. The water should be allowed to 
warm to ~ 33°C. Beakers (2) should be placed in an ice bath and allowed to chill to ~ 
0°C. Beakers (2) should sit at room temperature. When designated temperatures have 
been reached, students should add 3 drops of the cherry extract to one set of beakers, 
and 3 drops of green apple extract to the other set of beakers. The beakers should be 
sealed with parafilm, allowed to rest for 1 minute, then swirled and sniffed. 
Observations should be recorded. 




Discussion points: The cherry and green apple extracts are conducive to the 
discussion of thermal degradation and ethyl ester hydrolysis, because they are rich in 
these volatile esters. The cherry extract would contain isobutyl acetate, and other 
generally fruity esters; the green apple extract would predominantly be ethyl 
hexanoate and hexyl acetate, i.e. the key odorants responsible for that aroma [24]. 
Furthermore, this activity could be used as an introduction to more advanced 
thermodynamic principles, such as the Clausius-Clapeyron relationship and Henry’s 
Law.  
For example, if the vapor pressure of ethyl hexanoate is 0.108 atm at 98.98 °C 
(372.13 K), and the enthalpy of vaporization is 49.5 kJ/mol [25], we can estimate the 
vapor pressure at 33°C (306.15 K) using the Clausius-Clapeyron equation: 
𝑙𝑛 o𝑃/𝑃,q = 	−Δ𝐻t9Z𝑅 o 1𝑇/ − 1𝑇,q 
Rearranged to:  
Figure 4.2: Demonstration of the effects of temperature on aroma. 
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𝑃/ = 	 𝑒^ x−∆𝐻t9Z𝑅 o 1𝑇/ − 1𝑇,qz 	× 	𝑃, 
Which gives us: 𝑃{{ = 	 𝑒^ S− | }~,	 TU[⁄.{/}	 TU[	×	⁄  | /{./	 − /{,./{	] 	× 	0.108	atm = 0.69 atm 
 
ACTIVITY 3: FLAVOR: TASTE, SMELL AND CHEMESTHESIS INTERACTIONS  
Materials: vanilla extract, salt, sugar, citric acid, paper cups, nose clips, 
peppermint extract 
Expected learning outcomes: At the completion of the activity, students will be 
able to describe (1) how additives affect flavor release from food, (2) how 
additives/sensory deprivation affect flavor recognition, (3) be able to define 
chemesthesis. 
Activity overview: Students should each fill 5 paper cups as listed below:  
Table 4.1: Preparation instructions for Activity 3 
CUP #: Water to add (mL): Food matrix addition: Flavorant addition: 
1 50 Salt: 0.75 g Vanilla: 5 drops 
2 50 Sugar: 2 g Vanilla: 5 drops 
3 50 Citric acid: ~0.25 g (pH 3)  Vanilla: 5 drops 
4 50 N/A Peppermint: 15 drops  




For all cups, the solution should be swirled, sipped, and expectorated into an extra 
paper cup, and observations recorded. Before tasting cups 4 and 5, the students should 
put on nose clips. After experiencing the taste with nose clips, the students should 
remove the nose clips, and re-taste.  
 
Discussion points: For cup 3, alternatively, the instructor could prepare the citric 
acid solution prior to class. Different flavor extracts or additives (artificial sugars, 
starch, protein, other preservatives, e.g. ascorbic acid) could be used in this 
demonstration. It could also be applied to examine the effects of fat content: e.g. 10 
drops of vanilla in 50 mL neutral oil, or milk of varying milk fat percentages. This 
activity is applicable to the learning of equilibrium constants and to the decoupling the 
broader concept of “flavor” into its three components (senses): taste, smell, and 
chemesthesis (i.e. chemically induced tactile sensations) [26]. The activity could also 
be utilized in a biology or biochemistry class, as it leads well into a discussion of taste 
Figure 4.3: Demonstration of 
chemesthesis effect and masking 
effect using peppermint and vanilla 
extracts, and nose clips. 
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bud anatomy and types of receptors (e.g. GPCRs, ion channels). A prior study found 
that since baseline knowledge of food science is negligible in secondary education, 
activities can be incorporated into either biology or chemistry courses with no 




  The Next Generation Science Standards were developed with input from 26 states, 
as well as the National Research Council, the National Science Teachers Association, 
the American Association for the Advancement of Science, and Achieve, Inc. [4]. 
New York State was a Lead State Partner in the development phase, and has based its 
recently revised science curriculum, NYSP-12SLS, on the NGSS [28]. The NGSS are 
built on a three-dimensional framework for science learning: “the practices through 
which scientists and engineers do their work; the key crosscutting concepts that link 
the science disciplines; and the core ideas of the disciplines of life sciences, physical 
sciences, earth and space sciences, and engineering and technology” [29]. These three 
dimensions are consistent across primary and secondary education, and are 
incorporated into performance expectations (PEs), which are specific objectives for 
each grade level. Therefore, there is a learning progression throughout students’ 
education in which they build upon a foundation of consistent themes with increasing 
sophistication and complexity [29]. Due to the rigorous body of research that was 
referenced in the design of NGSS, and the incorporation of NGSS by New York State, 
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we developed our flavor chemistry module to be compatible with NGSS, as detailed 
below.  
To facilitate implementation of our module into an outreach initiative, we 
converted activity 1 (the effect of pH on the aroma of acidic and basic odorants) into a 
formalized lesson plan, in accordance with the American Association of Chemistry 
Teachers standards (see appendix). The lesson plan is comprised of a section for the 
teacher, as well as the student handout. The “For the Teacher” section includes a 
summary of scope of activity, objectives, chemistry topics that the lab demonstrates, 
and learning objectives supported via the activity. For activity 1, the following NGSS 
learning objectives are supported: Performance Expectation (PE) HS-PS3-6 
(“…design of a chemical system by specifying a change in conditions…”), Science 
and Engineering Solutions Constructing Explanations and Designing Solutions, 
Disciplinary Core Ideas PS1-B Chemical Reactions, and ETS1.C Optimizing the 
Design Solution, and Crosscutting Concept Stability and Change. These are supported 
because the students change a chemical system (i.e. adjust pH) in several solutions and 
observe how that affects sensory perception. This segues into discussions and 
demonstrations regarding other perturbations to a chemical system that could lead to 
sensory perception changes, e.g. temperature (activity 2), matrix components (activity 
3), as well as how perturbations to our own sensory system can inhibit or alter 
perception (activity 3). A summary of NGSS learning objectives supported through all 




Table 4.2: Summary of NGSS that are demonstrated through each activity. PE = 
performance expectation, HS = high school (grades 9-12), PS = physical sciences 
discipline, LS = life sciences discipline, DCI = disciplinary core idea, ETS = 
Engineering, Technology, and Applications of Science. The topic for PS1 is Matter 








3: Flavor: Taste, Smell, & 
Chemesthesis Interactions 
PE HS-PS1-5 No Yes No 
PE HS-PS1-6 Yes Yes Yes 
PE HS-LS1-2 No No Yes 
DCI PS1.B Yes Yes Yes 
DCI LS1.A No No Yes 
DCI ETS1.C Yes Yes No 














Stability & Change 
Systems & System Models 
 
In addition, as listed in the lesson plan learning objectives, activity 1 meets the AP 
Chemistry Curriculum Framework Big Idea 6, specifically 6.B (“systems at 
equilibrium are responsive to external perturbations, with the response leading to a 
change in the composition of the system”) and 6.C (“chemical equilibrium plays an 
important role in acid-base chemistry and in solubility”). 
The “For the Teacher” section of the lesson plan also provides both prep and 
active demonstration time estimates, materials needed, safety instructions, and notes 
for the teacher. The Teacher Notes includes recommendations for students’ baseline 
knowledge, facilitation of the activity, and suggestions for higher level differentiation 
of the activity (e.g. an honors or AP course). The “For the Student” section contains a 
brief introduction to aroma chemistry, and frames the lab’s relevancy to understanding 
pH, acids and bases, and system perturbations. There are also prelab questions, 
materials needed, safety instructions, experimental procedure, charts for data entry, 
  
 56 
post-lab analysis questions, and conclusions. The conclusions are thought questions 
asking students to reflect on the information provided, as well as their own 
observations, to hypothesize beyond the scope of the lab exercise itself.  
In addition to questions related to the activity itself, we also seek to assess the 
effectiveness of knowledge transfer (cognitive domain) and student engagement 
(affective domain). This two evaluation matrices are common in both formal 
education environments and extension/outreach-based programming, and are 
supported by multiple learning theories, especially Novak’s Theory of Meaningful 
Learning and Human Constructivism [30] and Bloom’s taxonomy [31]. In measuring 
cognitive domain, we seek to understand how effective we were at teaching in a 
“traditional” sense: did the students comprehend the subject matter, e.g. can they now 
define flavor chemistry? And in evaluating affective domain, we gain valuable 
feedback on attitudes, motivation, and willingness to incorporate new values 
(knowledge) into a lifestyle, e.g. did the students find this lab activity intriguing? [31]. 
Therefore, we have designed a Student Knowledge, Attitudes, and Behaviors 
Assessment (see appendix). This assessment will be administered both pre- and post-
lab during preliminary classroom implementation. It contains questions to assess 
students’ understanding of flavor chemistry, and their interest in the subject matter 
[27,32,33]. The comparison of pre- to post-test scores will enable us to acquire 
insights into the impact of our module, and revise accordingly before communicating 
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CHAPTER 5  
CONCLUSIONS AND FUTURE DIRECTIONS 
In chapter 2, we developed a methodology for assessing the amount of error 
(%RSD) introduced by using non-matched internal standards when quantitating 
volatiles using HS-SPME-GS-MS. These Compound × Individual matrix effects were 
found to result in %RSDs ranging from 17-249% in a grape (Vitis spp.) mapping 
population, and from 8-56% in a tomato (Solanum spp.) recombinant inbred line 
population. Furthermore, it was observed that the extent of these Compound × 
Individual matrix effects could not be estimated based on structural similarities 
between two compounds. The overall goal of this project, and potential future work, is 
to create a volatile screening methodology that maintains accurate quantitation, while 
accelerating the throughput, so that plant breeders can identify fruit quality QTLs. 
Future directions of this work are to: 1) assess minimum sampling for 
identification of well-matched surrogate internal standards through Monte Carlo 
simulations, 2) to screen for novel volatile targets in the USDA-ARS grape germplasm 
and in VitisGen project populations using this surrogate standards approach, and 3) to 
validate the technique through standard additions or re-processing. For 1), prior data 
sets could be utilized to conduct Monte Carlo simulations. The purpose of the 
simulations is to ascertain the minimum number of samples necessary for identifying 
well-matched surrogate standards. The minimum sample size is found at the point 
when the %RSD of a Compound × Individual comparison is remaining constant, and a 
well-matched surrogate standard is defined as a surrogate within an acceptable %RSD. 
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Speculating on pitfalls, it is possible that the sample size to meet our desired 
parameters will be too high to accommodate fledgling breeding populations. It is also 
possible that we will be able to find well-matched surrogates for some compound 
classes, but will have difficulties with others.  
For 2), wild Vitis spp. from the USDA-ARS germplasm, as well as grape 
populations from the VitisGen populations, could be processed using a cocktail of 
internal standards. In the post-hoc analysis, the samples could be screened for novel 
targets that contribute to the aroma of the final wine product, specifically those 
believed to have a positive correlation with wine quality. Volatiles will be quantitated 
using multiple internal standards from the cocktail, and the surrogate with the lowest 
%RSD tentatively identified as the most accurate. For 3), to validate accuracy, 
isotopically labeled isotopologues of the volatile target(s) could be purchased or 
synthesized. A subset of samples would then be re-processed, and the isotopically 
labeled standard utilized. An alternate strategy for validation of the quantitative 
capability of the surrogate standard would be to perform a standard addition study. For 
this method to be possible, the volatile target of interest would need to be 
commercially available. Both validation methods are time consuming [1], and we 
speculate that the success will depend on the robustness of the targeted novel analyte. 
For initial pursuit of this objective, an analyte that has previously been identified in a 
grape matrix at above sensory threshold would be ideal.  
 
In chapter 3, we conducted a two-year study evaluating malic acid content across 
Vitis spp. Our findings indicate that, as compared to vinifera, wild Vitis spp. show 
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reduced post-veraison degradation and in some cases post-veraison accumulation of 
malate on a per berry basis. These differences appear to be related to changes in 
metabolism within the berry mesocarp as opposed to differences in skin to mesocarp 
ratios. Future work on this project has been proposed by Noam Reshef, PhD, a post-
doctoral fellow in the Sacks lab. He will be investigating the molecular explanation 
behind the observed phenomena to identify stronger QTLs, or even candidate genes, 
related to malate utilization by the cell at key states of berry development.  
Another potential future direction for this project would be surveying of malate in 
other Vitis species. Of particular interest would be a comparison of malate content 
across a growing season between the wild Vitis species, aestivalis, and the elite 
interspecific hybrid cultivar Norton. V. aestivalis is native to much of the eastern 
United States [2]. Norton is a hybrid believed to have been originally crossed in the 
early to mid-1800s [3]. Its parentage is estimated to be between 25-30% vinifera [4,5], 
with aestivalis as the predominant wild Vitis parent [3]. Norton is the official grape of 
the State of Missouri, and is widely planted throughout the southeastern and 
midwestern United States because of its resistance to fungal diseases (powdery 
mildew, downy mildew, various berry rots) and phylloxera, PD tolerance, and cold 
hardiness [4]. Like other interspecific hybrids, Norton suffers from organoleptic 
challenges, including high titratable acidity (8.5-13 g/L) and high pH (3.4-3.8), which 
are attributed to high malic acid in the fruit (~6 g/L at maturity) [6].  
As discussed in chapter 3, there is a lack of understanding of malate content 
variation due to genetic differences, and the variation is compounded by well-reported 
environmental factors that lead to changes in malate, e.g decreased cluster shading and 
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increased temperature [7,8,9]. In our own work, we observed a decrease in malate 
content across species due the higher GDD in 2016 versus 2015. This indicates that at 
least a portion of malate content is regulated similarly across Vitis spp., though the 
question remains whether other malate reservoirs are shunted to different pathways in 
V. vinifera versus other Vitis spp., and where on the continuum the interspecific 
hybrids fall.  
Therefore, we speculate that a study of V. aestivalis versus Norton would be 
advantageous for maximizing genetic similarity (many hybrids have much more 
complex parentages) and could lead to a more pronounced understanding on the 
effects of environment on malate content, i.e. what percent of variance in malate 
content can be attributed to environmental factors and an estimation of malate 
regulation conservation from a wild Vitis spp. to its hybrid offspring. Furthermore, a 
microsatellite-based genetic linkage map for Norton has recently been constructed, 
which could be a highly suitable reference genome for QTL analysis and candidate 
gene identification [4]. 
 
In chapter 4, we developed a flavor chemistry module appropriate for upper-level 
secondary education. The module contains 4 activities that demonstrate changes in 
compound volatility and aroma perception due to pH, temperature, and matrix, as well 
as an activity on decoupling the components of flavor, i.e. smell, taste, tactile 
sensations. The module is in alignment with the Next Generation Science Standards, 
and a pre- and post-module assessment measuring both knowledge transfer and 
student engagement has been created to evaluate programmatic success. The final 
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component of the project will be an implementation step, which will be conducted in 
conjunction with high school science educators in New York State.  
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CHAPTER 2 SUPPLEMENTARY MATERIALS 
MATERIALS & METHODS 
Chemical Reagents and Standards for [U13C]Hexanal and [U13C]Hexanol Synthesis 
The following chemicals were purchased from Sigma-Aldrich (St. Louis, MO): 
linoleic acid (95%), [U13C] α-linoleic acid (>97%; >98% 13C enrichment), Soybean 
lipoxygenase (LOX) (EC No. 1.13.11.12) type I-B (221700 units/mg), alcohol 
dehydrogenase (ADH) from Saccharomyces cerevisiae (15000 units/mg), β-
Nicotinamide adenine dinucleotide (NADH), reduced disodium salt hydrate (>94%), 
hexanal (≥97%), and hexanol (≥98%). Chemicals for buffers (citric acid (≥99%),  
sodium phosphate mono- (≥99%), and di-basic (≥98%), sodium bicarbonate (≥99%), 
and sodium carbonate (≥99%)) and organic solvents – ethanol (≥98%; EtOH), 
methanol (≥99%; MeOH), dichloromethane (≥99%; DCM), and pentane (≥99%) – 
were also purchased from Sigma Aldrich.  
Preparation of Stock and Working Solutions for [U13C]Hexanal and [U13C]Hexanol 
Synthesis  
Enzyme solutions:  Separate solutions of LOX (753780 units/mL) and ADH (39300 
units/mL stock solution were prepared by addition to 20 mL of Milli-Q water. Each 
stock was then stored in glass vials at -80 °C in 1.5 mL aliquots and thawed prior to 
use. 
Chemical Standards: A solution of linoleic acid (5% w/w) was prepared by weighing 
0.5 g of linoleic acid into 9.5 g of EtOH. [U13C]linoleic acid stock solution ( 0.1 g was 
diluted in EtOH solution yielding a 5.95% w/w stock solution.  Unlabeled hexanal 
and hexanol were prepared in EtOH to yield 10 and 100 µg/mL working solutions. 
NADH stock solution was prepared by adding 20 mL of Milli-Q water into 1 g of 
NADH yielding a stock concentration of 0.05 g/mL.  
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Buffer solutions: pH 4.5, pH 7.0, and pH 9.5 buffer solutions were prepared from 0.1 
M citric acid/0.2 M sodium phosphate dibasic, 0.1 M sodium phosphate dibasic /0.1 M 
sodium phosphate monobasic, and 0.1 M sodium bicarbonate/0.1 M sodium carbonate 
respectively. The solutions were stored at 3 °C.    
 
Protocol for Enzymatic Synthesis of [U13C]hexanal and [U13C]hexanol from [U-
13C]α-linoleic acid 
The protocol for generating [U13C]hexanal and [U13C]hexanol is shown in Figure S.1. 
The yield of hexanal and hexanol was determined by calibration against unlabeled 
standards on GC-MS. 
	
Figure S.1 – Protocol for generation of [U-13C]hexanal and [U-13C]hexanol from [U-
13C]α-linoleic acid.  
 
Incubated for 5 days at 55 °C 
Solid phase extraction 
(Hypersep C18 column)
In a 20-mL glass amber 
vial: 
• 10 mL of pH 4.5 buffer
• 20 µL of [U-13C]α-linoleic
acid (5% )





with 10 mL pH 7.0 buffer
Adding NADH and ADH  
[U-13C]-Aldehyde
Rich Extract
Incubated for 15 min 
at 25 C
Solid phase extraction 
(Hypersep C18 column )
[U-13C]-Alcohol
Rich Extract
Dry down eleunt & MeOH
reconstitution
Yield = 16%




Figure S.2: Plot of ordinal run number (i.e. sample queue assignment) versus log-





CHAPTER 3 SUPPLEMENTARY MATERIALS 
Supplemental Table 1: Sample ID/Accession list and basic fruit chemistry 
 
Year: Collection Date: Species: Variety, if applicable: Accession:
Avg. berry 





2015 03 Aug. Cinerea 171 0.29 3.07 3.3 11.3 3.2
2015 26 Aug. Cinerea 171 0.39 3.00 5.5 25.6 9.8
2015 07 Oct. Cinerea 171 0.50 2.92 9.2 23.8 11.5
2015 26 Aug. Cinerea 588200 0.22 3.39 3.9 16.0 3.5
2015 07 Oct. Cinerea 588200 0.35 2.78 12.2 30.3 10.2
2015 03 Aug. Cinerea 588208 0.15 - - 5.3 0.8
2015 26 Aug. Cinerea 588208 0.24 2.83 4.0 18.0 4.3
2015 07 Oct. Cinerea 588208 0.42 - - 39.3 16.4
2015 03 Aug. Cinerea 588218 0.12 2.81 4.0 3.9 0.5
2015 26 Aug. Cinerea 588218 0.22 3.63 3.5 10.9 2.3
2015 07 Oct. Cinerea 588218 0.31 2.80 8.4 36.2 11.0
2015 03 Aug. Cinerea 588221 0.15 - - 4.8 0.7
2015 26 Aug. Cinerea 588221 0.29 2.75 4.1 18.3 5.2
2015 07 Oct. Cinerea 588221 0.45 - - 34.6 15.7
2015 26 Aug. Cinerea 588398 0.17 2.98 3.1 11.2 1.9
2015 07 Oct. Cinerea 588398 0.22 2.88 10.0 31.6 6.6
2015 03 Aug. Cinerea 588460 0.12 3.10 3.6 5.6 0.6
2015 26 Aug. Cinerea 588460 0.17 3.21 4.2 14.0 2.3
2015 07 Oct. Cinerea 588460 0.24 2.94 13.3 29.7 6.7
2015 03 Aug. Riparia 483165 0.56 2.73 5.6 24.9 13.6
2015 26 Aug. Riparia 483165 0.65 3.19 11.5 19.4 12.1
2015 07 Oct. Riparia 483165 0.73 3.31 16.5 13.4 9.2
2015 03 Aug. Riparia 483172 0.38 2.69 4.6 22.1 8.2
2015 26 Aug. Riparia 483172 0.55 2.91 10.1 22.7 11.9
2015 07 Oct. Riparia 483172 0.47 3.13 22.6 17.8 7.7
2015 03 Aug. Riparia 483173 0.60 3.03 3.7 17.3 10.2
2015 07 Oct. Riparia 483173 0.75 3.02 15.5 10.4 7.4
2015 03 Aug. Riparia 483174 0.51 2.61 4.7 15.7 7.8
2015 26 Aug. Riparia 483174 0.68 2.83 11.5 27.0 17.6
2015 07 Oct. Riparia 483174 0.75 3.06 17.1 19.4 13.6
2015 03 Aug. Riparia 483176 1.43 2.79 3.8 19.6 27.6
2015 26 Aug. Riparia 483176 2.00 - - 15.4 30.7
2015 07 Oct. Riparia 483176 1.76 3.32 16.9 6.8 11.2
2015 03 Aug. Riparia 483181 1.67 2.50 6.5 26.0 42.2
2015 26 Aug. Riparia 483181 2.00 2.93 12.3 17.3 33.1
2015 07 Oct. Riparia 483181 2.00 3.34 11.5 9.4 17.9
2015 03 Aug. Riparia 588167 0.49 3.01 4.2 17.9 8.7
2015 26 Aug. Riparia 588167 0.65 3.06 14.7 20.1 12.4
2015 07 Oct. Riparia 588167 0.77 3.56 13.3 14.1 10.3
2015 03 Aug. Riparia 588261 0.34 2.77 5.7 21.9 7.4
2015 26 Aug. Riparia 588261 0.50 3.25 18.5 18.8 8.7
2015 03 Aug. Riparia 588304 0.49 2.94 3.8 11.3 5.5
2015 26 Aug. Riparia 588304 0.22 3.25 7.9 21.3 4.5
2015 07 Oct. Riparia 588304 0.21 3.02 11.6 15.8 3.2
2015 03 Aug. Riparia 588346 0.21 2.74 6.9 21.7 4.4
2015 26 Aug. Riparia 588346 0.46 2.91 16.8 15.7 6.8
2015 07 Oct. Riparia 588346 0.43 2.89 14.4 11.4 4.7
2015 03 Aug. Riparia 588347 0.45 - 4.5 20.8 9.3




2015 26 Aug. Riparia 588347 0.59 2.92 17.7 19.3 10.6
2015 07 Oct. Riparia 588347 0.64 3.21 21.7 16.4 9.7
2015 03 Aug. Riparia 588436 0.52 2.80 4.8 18.9 9.6
2015 26 Aug. Riparia 588436 1.00 3.90 14.2 7.9 7.5
2015 07 Oct. Riparia 588436 0.97 3.86 14.7 5.6 5.2
2015 03 Aug. Riparia 588438 0.18 2.72 4.6 27.9 4.9
2015 26 Aug. Riparia 588438 0.58 3.11 12.7 23.0 12.6
2015 07 Oct. Riparia 588438 0.53 3.32 18.4 15.8 7.8
2015 03 Aug. Riparia 588440 0.17 2.90 3.2 9.0 1.5
2015 07 Oct. Riparia 588440 0.25 3.07 20.2 15.6 3.6
2015 03 Aug. Riparia 588483 0.34 2.63 6.3 32.4 10.8
2015 26 Aug. Riparia 588483 0.51 3.04 15.7 31.9 15.3
2015 07 Oct. Riparia 588483 0.53 3.11 20.3 19.0 9.3
2015 03 Aug. Riparia 588562 0.42 2.52 6.6 26.7 10.9
2015 26 Aug. Riparia 588562 0.64 3.05 20.1 21.5 12.7
2015 07 Oct. Riparia 588562 0.71 3.09 23.8 9.5 6.2
2015 03 Aug. Riparia 588565 0.61 2.76 6.5 28.6 17.1
2015 26 Aug. Riparia 588565 0.71 3.01 13.4 26.3 17.8
2015 07 Oct. Riparia 588565 0.65 3.03 19.1 22.4 13.6
2015 03 Aug. Riparia 588711 0.45 2.68 5.5 26.2 11.6
2015 26 Aug. Riparia 588711 0.54 2.89 14.2 30.2 15.3
2015 07 Oct. Riparia 588711 0.52 2.81 18.3 20.7 10.0
2015 03 Aug. Riparia 588586.b 0.53 2.75 4.7 17.4 9.0
2015 26 Aug. Riparia 588586.b 0.67 3.05 12.0 23.1 14.7
2015 07 Oct. Riparia 588586.b 0.67 3.27 14.5 17.0 10.7
2015 03 Aug. Vinifera Cabernet Franc CF1 0.91 2.67 4.8 16.1 14.4
2015 26 Aug. Vinifera Cabernet Franc CF1 1.43 3.08 14.2 7.1 9.6
2015 07 Oct. Vinifera Cabernet Franc CF1 1.30 3.92 20.9 0.4 0.5
2015 03 Aug. Vinifera Cabernet Franc CF2 0.94 2.81 3.5 12.9 12.0
2015 26 Aug. Vinifera Cabernet Franc CF2 1.30 3.11 13.4 7.0 8.7
2015 07 Oct. Vinifera Cabernet Franc CF2 1.36 3.87 21.6 1.7 2.2
2015 03 Aug. Vinifera Chardonnay CH1 1.20 2.82 5.3 19.5 22.9
2015 26 Aug. Vinifera Chardonnay CH1 1.58 3.13 14.1 8.9 13.3
2015 07 Oct. Vinifera Chardonnay CH1 1.76 3.62 20.3 2.8 4.6
2015 03 Aug. Vinifera Chardonnay CH2 0.94 2.71 4.2 15.8 14.5
2015 26 Aug. Vinifera Chardonnay CH2 1.36 3.25 15.0 7.3 9.5
2015 07 Oct. Vinifera Chardonnay CH2 1.76 3.74 21.5 3.4 5.5
2015 03 Aug. Vinifera Cabernet Sauvignon CS1 0.91 2.88 4.5 17.4 15.6
2015 26 Aug. Vinifera Cabernet Sauvignon CS1 1.30 3.11 13.8 8.6 10.6
2015 07 Oct. Vinifera Cabernet Sauvignon CS1 1.50 3.68 22.2 2.3 3.2
2015 03 Aug. Vinifera Cabernet Sauvignon CS2 0.73 2.85 4.4 17.3 12.4
2015 26 Aug. Vinifera Cabernet Sauvignon CS2 1.25 3.24 15.5 8.1 9.5
2015 07 Oct. Vinifera Cabernet Sauvignon CS2 1.58 3.67 21.1 2.5 3.6
2015 03 Aug. Vinifera Gewurztraminer GW1 1.11 2.96 8.3 15.6 16.8
2015 26 Aug. Vinifera Gewurztraminer GW1 1.58 3.58 17.2 3.5 5.1
2015 07 Oct. Vinifera Gewurztraminer GW1 1.76 4.18 22.0 2.1 3.4
2015 03 Aug. Vinifera Gewurztraminer GW2 0.71 2.97 4.5 21.6 15.1
2015 26 Aug. Vinifera Gewurztraminer GW2 1.43 3.66 15.6 5.1 6.9
2015 07 Oct. Vinifera Gewurztraminer GW2 1.58 4.05 20.9 2.8 4.1




2015 26 Aug. Vinifera Pinot Noir PN1 1.07 3.41 14.1 6.0 6.1
2015 07 Oct. Vinifera Pinot Noir PN1 1.07 3.57 20.8 2.8 2.8
2015 03 Aug. Vinifera Pinot Noir PN2 0.75 2.76 5.9 22.2 16.3
2015 26 Aug. Vinifera Pinot Noir PN2 1.30 3.44 15.5 6.0 7.4
2015 07 Oct. Vinifera Pinot Noir PN2 1.50 3.73 21.0 1.8 2.5
2016 09 Aug. Cinerea 171 0.23 2.85 6.3 14.6 3.3
2016 29 Aug. Cinerea 171 0.31 2.66 7.2 23.9 7.2
2016 23 Sept. Cinerea 171 0.38 2.57 15.3 24.9 9.0
2016 05 Oct. Cinerea 171 0.48 2.83 16.8 24.1 10.9
2016 09 Aug. Cinerea 588143 0.14 2.79 4.7 5.6 0.7
2016 29 Aug. Cinerea 588143 0.23 2.60 5.7 27.6 6.1
2016 23 Sept. Cinerea 588143 0.24 2.73 16.9 30.6 7.0
2016 05 Oct. Cinerea 588143 0.28 2.75 19.9 31.3 8.2
2016 09 Aug. Cinerea 588186 0.16 2.75 6.9 13.8 2.1
2016 29 Aug. Cinerea 588186 0.20 2.57 5.3 19.0 3.8
2016 23 Sept. Cinerea 588186 0.25 2.64 11.9 30.7 7.4
2016 05 Oct. Cinerea 588186 0.33 2.77 16.6 27.5 8.6
2016 09 Aug. Cinerea 588200 0.16 2.78 4.5 15.7 2.4
2016 29 Aug. Cinerea 588200 0.19 2.74 5.0 24.8 4.7
2016 23 Sept. Cinerea 588200 0.28 2.65 12.3 32.0 8.6
2016 05 Oct. Cinerea 588200 0.28 2.90 16.9 35.7 9.2
2016 09 Aug. Cinerea 588205 0.16 2.89 5.1 12.7 1.9
2016 29 Aug. Cinerea 588205 0.20 2.89 5.8 22.0 4.3
2016 23 Sept. Cinerea 588205 0.25 2.87 13.5 26.1 6.1
2016 05 Oct. Cinerea 588205 0.35 3.16 16.8 22.4 7.4
2016 09 Aug. Cinerea 588208 0.20 2.64 5.3 11.3 2.2
2016 29 Aug. Cinerea 588208 0.32 2.74 5.0 22.8 7.2
2016 23 Sept. Cinerea 588208 0.34 2.64 12.0 38.5 12.4
2016 05 Oct. Cinerea 588208 0.42 2.64 16.9 34.3 13.4
2016 09 Aug. Cinerea 588217 0.19 2.69 5.0 14.4 2.7
2016 29 Aug. Cinerea 588217 0.29 2.55 5.4 29.7 8.5
2016 23 Sept. Cinerea 588217 0.29 2.70 14.7 31.7 8.8
2016 05 Oct. Cinerea 588217 0.35 2.69 17.5 31.2 10.3
2016 09 Aug. Cinerea 588220 0.15 2.68 5.7 8.2 1.2
2016 29 Aug. Cinerea 588220 0.19 2.54 5.1 26.2 5.0
2016 23 Sept. Cinerea 588220 0.29 2.60 13.6 28.2 7.7
2016 05 Oct. Cinerea 588220 0.38 2.69 17.7 27.7 10.0
2016 09 Aug. Cinerea 588221 0.18 2.70 5.4 14.6 2.6
2016 29 Aug. Cinerea 588221 0.21 2.62 4.5 19.5 4.1
2016 23 Sept. Cinerea 588221 0.28 2.55 11.7 31.5 8.3
2016 05 Oct. Cinerea 588221 0.35 2.57 15.6 30.8 10.2
2016 09 Aug. Cinerea 588222 0.12 2.97 5.3 13.1 1.6
2016 29 Aug. Cinerea 588222 0.21 2.89 5.1 24.3 5.0
2016 23 Sept. Cinerea 588222 0.30 2.83 15.1 33.7 9.6
2016 09 Aug. Cinerea 588398 0.13 2.75 4.7 12.6 1.7
2016 29 Aug. Cinerea 588398 0.18 2.83 4.0 21.6 3.9
2016 23 Sept. Cinerea 588398 0.23 2.61 10.8 38.7 8.4
2016 05 Oct. Cinerea 588398 0.24 2.84 15.4 32.1 7.3
2016 09 Aug. Cinerea 588460 0.16 2.85 4.6 9.0 1.4




2016 23 Sept. Cinerea 588460 0.21 2.76 11.3 32.0 6.4
2016 05 Oct. Cinerea 588460 0.27 2.80 15.6 40.7 10.5
2016 09 Aug. Cinerea 588575 0.19 2.64 5.4 9.7 1.8
2016 29 Aug. Cinerea 588575 0.31 2.65 5.4 24.6 7.5
2016 23 Sept. Cinerea 588575 0.32 2.69 10.8 31.6 9.6
2016 05 Oct. Cinerea 588575 0.39 2.67 15.6 29.8 10.9
2016 09 Aug. Cinerea 588678 0.12 2.84 5.1 7.4 0.8
2016 29 Aug. Cinerea 588678 0.15 2.69 5.2 19.8 2.9
2016 23 Sept. Cinerea 588678 0.22 2.77 13.8 26.7 5.5
2016 05 Oct. Cinerea 588678 0.25 2.85 18.3 23.6 5.5
2016 09 Aug. Cinerea 588685 0.20 3.18 3.4 5.5 1.1
2016 29 Aug. Cinerea 588685 0.28 2.85 4.0 17.1 4.7
2016 23 Sept. Cinerea 588685 0.30 2.88 8.4 26.1 7.7
2016 05 Oct. Cinerea 588685 0.39 3.00 13.6 22.8 8.5
2016 04 Aug. Hybrid Chambourcin CBe-1 0.64 2.62 6.4 18.8 11.7
2016 17 Aug. Hybrid Chambourcin CBe-1 0.94 2.62 9.5 11.5 10.4
2016 29 Aug. Hybrid Chambourcin CBe-1 1.30 2.98 15.1 5.3 6.5
2016 12 Sept. Hybrid Chambourcin CBe-1 1.50 3.33 17.8 3.6 5.1
2016 23 Sept. Hybrid Chambourcin CBe-1 1.58 3.40 19.4 3.1 4.5
2016 05 Oct. Hybrid Chambourcin CBe-1 1.58 3.56 21.5 2.5 3.6
2016 04 Aug. Hybrid Corot Noir CN-1 0.67 2.80 5.5 14.5 9.5
2016 17 Aug. Hybrid Corot Noir CN-1 1.11 3.01 9.4 11.7 12.6
2016 29 Aug. Hybrid Corot Noir CN-1 1.11 3.36 11.8 5.5 5.8
2016 12 Sept. Hybrid Corot Noir CN-1 1.50 3.70 14.9 2.4 3.4
2016 23 Sept. Hybrid Corot Noir CN-1 1.43 4.00 15.9 2.9 3.9
2016 05 Oct. Hybrid Corot Noir CN-1 1.76 4.14 18.6 2.3 3.8
2016 04 Aug. Hybrid Vidal Blanc VB-1 0.50 2.77 6.8 17.1 8.3
2016 17 Aug. Hybrid Vidal Blanc VB-1 0.64 2.71 7.0 13.5 8.4
2016 29 Aug. Hybrid Vidal Blanc VB-1 0.88 3.15 13.5 6.4 5.4
2016 12 Sept. Hybrid Vidal Blanc VB-1 1.11 3.29 16.5 3.9 4.0
2016 05 Oct. Hybrid Vidal Blanc VB-1 1.30 3.73 20.3 3.1 3.8
2016 04 Aug. Hybrid Vignoles VL-1 0.49 2.69 8.2 17.4 8.3
2016 17 Aug. Hybrid Vignoles VL-1 1.00 3.04 15.1 9.0 8.5
2016 29 Aug. Hybrid Vignoles VL-1 1.00 3.34 20.8 6.2 5.7
2016 12 Sept. Hybrid Vignoles VL-1 1.11 3.43 23.4 6.7 6.8
2016 09 Aug. Riparia 255189 0.45 2.77 8.3 22.8 9.9
2016 29 Aug. Riparia 255189 0.52 2.99 19.9 16.3 7.8
2016 23 Sept. Riparia 255189 0.43 3.38 24.7 12.7 5.0
2016 09 Aug. Riparia 483171 0.38 2.65 5.5 22.5 8.3
2016 29 Aug. Riparia 483171 0.51 2.89 16.7 18.4 8.8
2016 23 Sept. Riparia 483171 0.48 3.08 18.2 14.2 6.4
2016 05 Oct. Riparia 483171 0.40 3.24 21.8 15.5 5.7
2016 09 Aug. Riparia 483172 0.48 2.60 6.3 27.4 12.7
2016 29 Aug. Riparia 483172 0.48 2.87 16.4 19.9 8.9
2016 23 Sept. Riparia 483172 0.47 3.13 21.3 13.3 5.7
2016 09 Aug. Riparia 483173 0.59 2.61 7.0 25.8 14.8
2016 29 Aug. Riparia 483173 0.71 2.92 15.4 20.9 14.1
2016 23 Sept. Riparia 483173 0.75 3.07 18.5 12.1 8.4
2016 05 Oct. Riparia 483173 0.94 3.19 19.9 12.1 10.5





2016 29 Aug. Riparia 483174 0.75 2.89 15.2 15.2 10.7
2016 23 Sept. Riparia 483174 0.77 2.96 20.0 12.1 8.7
2016 05 Oct. Riparia 483174 0.75 3.01 21.4 11.8 8.1
2016 09 Aug. Riparia 588347 0.54 2.81 6.6 30.0 15.7
2016 29 Aug. Riparia 588347 0.50 2.84 14.0 26.9 12.7
2016 23 Sept. Riparia 588347 0.48 2.94 18.3 18.7 8.5
2016 05 Oct. Riparia 588347 0.68 3.07 22.8 14.5 9.1
2016 09 Aug. Riparia 588437 0.56 2.70 7.0 26.8 14.5
2016 29 Aug. Riparia 588437 0.71 2.95 20.8 21.7 14.4
2016 23 Sept. Riparia 588437 0.51 3.03 23.4 15.3 7.1
2016 05 Oct. Riparia 588437 0.60 2.87 24.0 14.8 8.1
2016 09 Aug. Riparia 588440 0.24 2.73 4.5 16.2 3.8
2016 29 Aug. Riparia 588440 0.27 2.71 9.7 20.8 5.4
2016 23 Sept. Riparia 588440 0.28 3.03 21.4 15.5 3.9
2016 09 Aug. Riparia 588565 0.50 2.58 8.5 31.2 15.1
2016 29 Aug. Riparia 588565 0.59 2.91 20.0 20.1 11.0
2016 23 Sept. Riparia 588565 0.61 3.14 20.1 15.9 9.0
2016 09 Aug. Riparia 588711 0.47 2.62 6.4 28.9 13.2
2016 29 Aug. Riparia 588711 0.54 2.55 16.8 28.4 14.3
2016 23 Sept. Riparia 588711 0.52 2.83 25.1 19.9 9.4
2016 04 Aug. Vinifera Cabernet Franc CF-1 0.64 2.66 6.0 19.9 12.4
2016 17 Aug. Vinifera Cabernet Franc CF-1 0.81 2.59 6.7 17.9 14.2
2016 29 Aug. Vinifera Cabernet Franc CF-1 1.03 3.05 13.5 5.6 5.5
2016 12 Sept. Vinifera Cabernet Franc CF-1 1.43 3.64 19.5 2.3 3.1
2016 23 Sept. Vinifera Cabernet Franc CF-1 1.30 3.67 20.6 1.8 2.1
2016 05 Oct. Vinifera Cabernet Franc CF-1 1.50 3.83 22.1 1.8 2.5
2016 04 Aug. Vinifera Lemberger LB-1 0.54 2.64 6.2 15.1 7.9
2016 17 Aug. Vinifera Lemberger LB-1 0.91 2.75 11.3 8.4 7.4
2016 29 Aug. Vinifera Lemberger LB-1 1.36 3.21 13.3 2.8 3.7
2016 12 Sept. Vinifera Lemberger LB-1 1.67 3.47 17.8 1.8 2.8
2016 23 Sept. Vinifera Lemberger LB-1 1.36 3.70 20.7 2.0 2.5
2016 05 Oct. Vinifera Lemberger LB-1 1.58 3.71 20.2 1.7 2.4
2016 04 Aug. Vinifera Riesling RS90-1 0.65 2.72 5.2 20.2 12.9
2016 17 Aug. Vinifera Riesling RS90-1 0.67 2.53 5.1 18.5 12.1
2016 29 Aug. Vinifera Riesling RS90-1 1.00 3.02 13.4 8.2 7.8
2016 12 Sept. Vinifera Riesling RS90-1 1.36 3.14 16.3 5.3 6.7






Supplementary table 2. Proportion of skin, pulp, and seeds in berries of Vitis spp. 
Proportions were measured by the dissection of berries sampled during the 2018 
growing season at two time-points: i) The onset of veraison (in parenthesis) and ii) 32 
to 35 days post-veraison.  














2018 27 Sep. Cinerea 588217 0.51 - 3.0 50.7 19.0
2018 31 Oct. Cinerea 588217 0.46 - 11.1 47.9 15.9
2018 17 Sep. Cinerea 588222 0.55 - 4.2 50.5 20.0
2018 19 Oct. Cinerea 588222 0.55 - 10.8 47.8 19.4
2018 23 Aug. Riparia 483171 0.48 - 6.1 30.6 10.4
2018 27 Sep. Riparia 483171 0.64 - 10.5 22.9 11.7
2018 14 Aug. Riparia 588483 0.58 - 7.8 44.2 18.4
2018 17 Sep. Riparia 588483 0.70 - 13.9 27.0 14.0
2018 14 Aug. Vinifera Chardonnay 1.10 - 7.8 16.3 15.7
2018 17 Sep. Vinifera Chardonnay 1.55 - 18.2 2.3 3.3
2018 23 Aug. Vinifera Cabernet Franc 1.15 - 8.9 16.3 16.0
2018 27 Sep. Vinifera Cabernet Franc 1.52 - 20.1 1.9 2.5
Section B. Dissected berry pulp data
Specie Cultivar/accession Skin (%w/w) Seeds 
(%w/w) 
Pulp (%w/w) 
Vinifera Chardonnay (6.11)     
5.93 
(6.39)     
3.19 
(87.5)     
90.88 
Vinifera Cabernet Franc (6.49)     
7.65 
(8.47)     5.6 (85.04)   
86.75 
Riparia 483171 (11.68)   6.23 (17.26)   
14.25 
(71.06)   
79.52 
Riparia 588483 (10.55)   
10.64 
(17.66)   15.7 (71.8)     
73.66 
Cinerea 588222 (11.4)     
11.37 
(16.34)   
14.65 
(72.26)   
73.98 
Cinerea 588217 (14.82)   
16.14 
(11.32)   
12.14 
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Lab: Odorants as pH Indicators 
FOR THE TEACHER 
Summary 
In this lab, students will observe how the odor of common 
kitchen items (coffee, liquid aminos) change at different pH 






By the end of this lab, students should be able to 
• Define the term “odorant” and know the key chemical 
features necessary for a chemical to be an odorant 
• Explain why the odor of some compounds change at as pH 
changes  
• Define the term “pH indicator”, and describe how both 
pigments and odorants can be used as pH indicators  
Chemistry Topics 
This lab supports students’ understanding of 
• Acids & Bases 
• Indicators 
• pH 
• Chemoreception (human detection of chemical signals) 
NGSS 
This demonstration supports the following learning objectives: 
• NGSS Performance Expectation HS-PS3-6: Students who demonstrate 
understanding can “refine the design of a chemical system by specifying a change 
in conditions that would produce increased amounts of products at equilibrium.”  
• The following NGSS are also met: Science & Engineering Practices (1), Disciplinary 
Core Ideas (2 and 3), and Crosscutting Concept (4): 
(1) Constructing Explanations and Designing Solutions -- explanations and 
designs that are supported by multiple and independent student-generated 
sources of evidence consistent with scientific ideas, principles, and theories. 
(2) PS1-B Chemical Reactions -- In many situations, a dynamic and condition-
dependent balance between a reaction and the reverse reaction determines the 
numbers of all types of molecules present. 
(3) ETS1.C Optimizing the Design Solution – Criteria may need to be broken 
down into simpler ones that can be approached systematically, and decisions 
about the priority of certain criteria over others (trade-offs) may be needed. 
(4) Stability and Change -- Much of science deals with constructing explanations 
of how things change and how they remain stable. 
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AP Chemistry Curriculum Framework  
This demonstration supports the following learning objectives: 
• Big Idea 6: Any bond or intermolecular attraction that can be formed can be 
broken. These two processes are in a dynamic competition, sensitive to initial 
conditions and external perturbations. 
o 6.B: Systems at equilibrium are responsive to external perturbations, with 
the response leading to a change in the composition of the system. 
o 6.C: Chemical equilibrium plays an important role in acid-base chemistry and 
in solubility. 
Time  
Teacher Preparation: 15 minutes 
Lesson: 60 minutes 
 
Materials (per group) 
• (5) 125 mL Erlenmeyer flasks with stoppers, or 200 mL jars with lids 
• Citric acid, 14 g 
• Pickling lime (CaOH), 7 g 
• Instant coffee, ½ tsp dissolved in 50 mL hot water (per package instructions) 
• Liquid aminos, 10 mL per group (soy sauce can be substituted, if needed)  
• Acetic acid (white vinegar), 50 mL 
• (4) pH strips 
• Paper towels (for spills) 
 
Safety 
• Safety goggles and lab aprons must be work when handling chemicals in the lab. 
• Do not drink any solutions! They are for smelling only. 
• In the event of any of the solutions spilling on their skin, students should 
immediately rinse the area with water and inform the instructor. 
• Clean-Up  
o Solutions can be dumped down the drain; flasks can be rinsed out. 
o Spills on the lab bench and/or on the floor should be cleaned up with paper 
towels. 
o Students should wash their hands thoroughly before leaving the lab. 
Teacher Notes 
• Students should have a basic understanding of pH, acid-base titrations, and 
equilibria 
• Ideal group size is 2-3. The student roles are: 
o Sniffer: sniffs samples, evaluates intensity of aroma 
o Presenter: Selects a sample to present to sniffer 
o Data-Recorder (can be same as Presenter): Records data 
• Differentiation (higher level):  
o Instead of, or in addition to, averaging group responses to volatile 
intensities, individual responses across the class could be plotted for a 
distribution analysis, and there could be a discussion on humans’ differing 
sense of smell due to genetic variation  
o In keeping with AP Big Idea 6, students could explore changes in volatility 
due to other external perturbations to the system, e.g. salt additions and/or 
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FOR THE STUDENT 
Lesson 




Fresh baked bread? Hot chocolate? Dirty socks? Cat litter box? When you smell 
something, you are smelling chemicals. More specifically, you are smelling volatile 
(airborne) chemicals called odorants. These odorants trigger receptors at the top of your 
nasal cavity to generate the sensation of smell. Most real aromas, including baked bread 
and chocolate, result from the combined action of dozens of volatile chemicals. Put 
another way – no odorant compound smells just like “chocolate” all by itself.   
 
However, a few common aromas are very simple. For example, “white vinegar” – the kind 
of vinegar commonly found in home kitchens – is a 5% solution of acetic acid (CH3COOH) 
in water, the smell of vinegar is solely due to acetic acid1. 
 
Most odorants in foods and beverages are not in the gas phase. For 
example, when a container (e.g. a test tube) is partially filled with 
vinegar, a small amout of acetic acid will volatize and enter the 
headspace – the space above the liquid. At room temperature, in a 
half-filled container, less than 1 out of 100000 acetic acid molecules will 
be in the headspace, with the rest still in the vinegar2. This ratio is 
typical of most odorants, and its useful to cooks – if the situation was 
reversed, we would only get one intense sniff of our food or drink, and 
then all of the aroma would be used up! 
 
Acetic acid can also be used as an “odorous” pH 
indicator. Typically, pH indicators are chemicals that 
change color when the pH of a solution changes. For 
example, bromothymol blue will appear yellow at a 
pH < 6 (acid), green between pH 6-8 (neutral), and 
blue at pH >8 (basic). The reason pH indicators 
change color is because they are weak acids and 
bases themselves, and their ability to absorb light 




                                                             
1  Technically, acetic acid is not a simple odorant – it is also perceived by your sense of touch, causing an irritating sensation. 
For simplicity, we will treat both the odorous and tactile sensations caused by acetic acid as a smell. 
 
2 At low acetic acid concentrations, like vinegar, the relative proportion of acetic acid in the headspace and the liquid will be 
constant even if the acetic acid concentration is changed. This is described by Henry’s Law, which is discussed in other 
lectures. 
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The situation is similar for acetic acid, except that instead of a color change, its volatility 
changes with pH. At low pH, acetic acid is protonated, and can be volatile. As pH 
increases, acetic acid loses a proton to form acetate (CH3COO-) which is non-volatile. This 
relationship is described by the Henderson-Hasselbach equation: 
 !" = !$% +	 log+, -[/0]["/]2 
 
Because the amount of acetic acid in the air above a solution is always proportional to the 
amount of acetic acid in solution, we expect to see the headspace concentration of acetic 
acid decrease as pH increases.  
 
Likewise, the ratio of volatiles in the headspace and the protonation state of these 
odorants can change when a system is perturbed by the addition of a strong acid or base. 
In this case, we will be using liquid aminos and instant coffee with citric acid (acid) and 
pickling lime (base). Liquid aminos is very similar to soy sauce; liquid aminos are 
unfermented soy protein (while soy sauce is fermented) and liquid aminos contains less 
sodium than soy sauce. Both liquid aminos and soy sauce contain a host of amino acids 
and amino acid byproducts, like cadaverine and putrescine, which are chemical 
compounds associated with rotting cadavers and fishy smells. Similarly, when coffee 
beans are roasted, a range of volatile compounds are created, such as 2-furfurylthiol, 
which gives coffee a sulfury, roasty aroma, and 4-hydroxy-2,5-dimethyl-3(2H)-furanone, 
which has caramel-like notes. 
 
Investigation Question 
How will the odor of an acetic acid solution (white vinegar) change at low pH vs. high pH?  
 
Hypothesis 
Make a hypothesis statement below. Be sure to justify it with reasoning.  
 
Pre-lab Questions  
1. Based on the information above, sketch the distribution of acetic acid versus 
acetate in solution versus in the headspace at low pH.  
 
2. How will the pickling lime be used for these experiements?  
 
3. How do you expect the coffee to smell? List 5 descriptors. 
 
Materials (per group) 
• (5) 125 mL Erlenmeyer flasks with stoppers, or 200 mL jars with lids 
• Citric acid, 14 g 
• Pickling lime (CaOH), 7 g 
• Instant coffee, ½ tsp dissolved in 50 mL hot water (per package instructions) 
• Liquid aminos, 10 mL per group (soy sauce can be substituted, if needed)  
• Acetic acid (white vinegar), 50 mL 
• (4) pH strips 
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Safety 
• Safety goggles and lab aprons must be work when handling chemicals in the lab. 
• Do not drink any solutions! They are for smelling only. 
• In the event of any of the solutions spilling on their skin, students should 
immediately rinse the area with water and inform the instructor. 
• Clean-Up  
o Solutions can be dumped down the drain; flasks can be rinsed out. 
o Spills on the lab bench and/or on the floor should be cleaned up with paper 
towels. 




EXPERIMENT 1 – ODORANT INTENSITY IN SIMPLE SOLUTION VS. PH 
 
Set Up – Experiment 1 
1. Put on your safety equipment. 
2. Obtain 5 clean flasks. Label the tubes as follows: water, low pH, medium-low pH, 
medium-high pH, high pH  
3. Using a graduated cylinder, measure 10 mL of water, and pour it into the flask 
marked “water”.  
4. Weigh 4 g of citric acid and pour into the flask marked “low pH”. 
5. Weigh 2 g of citric acid and pour into the flask marked “medium-low pH”. 
6. Weigh 1 g of CaOH and pour into the flask marked “medium-high pH”. 
7. Weigh 2 g of CaOH and pour into the flask marked “high pH”. 
8. Using a graduated cylinder, add 10 mL of vinegar to each tube.  
9. Stopper (cover) the flasks 
 
Aroma Evaluation – Experiment 1 
1. In each group, one person will be the “Sniffer”, one person will be the “Presenter”, 
and one person will be the “Recorder”. The Presenter will sit with the flasks several 
feet away from the Recorder and Sniffer. 
2. The Sniffer will hold the water+vinegar flask. The presenter will keep the other pH 
adulterated flasks. 
3. The Presenter will select one of the pH solution flasks at random, show the label to 
the Recorder, and then give the flask to the Sniffer. The Sniffer should not look at 
the label.  
4. The Sniffer should swirl the flask, removed the stopper, sniff the solution by wafting 
the aroma toward their nose, then tells the Recorder how strong the vinegar aroma 
is on a scale of 0 (no aroma) to 10 (as strong as the vinegar+water tube).  
5. The Recorder notes the sniffer’s rating. 
6. The Sniffer then hands the pH adulterated flask back to the Presenter.  
7. The Presenter repeats steps 3-5 with a different pH flask each time until four flasks 
have been sniffed and evaluated 
8. The Presenter, Sniffer, and Recorder then change roles, until all group members 
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Data - Experiment 1 
 
Data Table 1: Vinegar aroma vs. pH 
  Vinegar intensity, 0-10 scale:  Reference: No vinegar odor = 0, vinegar+water tube odor = 10   
Solution  
Sniffer 1 (name) 
 
 
Sniffer 2 (name) 
 
Sniffer 3 (name) 
 Average 
   Low pH      
   Med. - 
low pH 
     
   Med. – 
high pH 
     
  High pH      
 
EXPERIMENT 2 – ODORANT PERCEPTION IN COMPLEX MIXTURES VS. PH 
 
Set Up – Experiment 2 
1. Keep your safety equipment on 
2. Rinse out your flasks with clean water until they no longer smell like vinegar. 
3. Label the four flasks as A (aminos at low pH), B (aminos at high pH), C (coffee at 
low pH), and D (coffee at high pH).  
4. Using a graduated cylinder, add the following 
a. 45 mL water to flasks A and B,  
b. 5 mL liquid aminos to flasks A and B 
c. 50 mL instant coffee (1/2 tsp in 50 mL hot water – per package instructions) 
to flasks C and D.  
5. Weigh (2) 4 g quantities of citric acid 
6. Weigh (2) 2 g quantities of CaOH  
7. Add 4 g of citric acid to flask A; add 4 g of citric acid to flask C 
8. Add 2 g of CaOH to flask B; add 2 g of CaOH to flask D 
9. Stopper all flasks 
10. Swirl, remove stopper, hold flask 1-2” from nose, and waft aromas toward nose 
11. Using a glass pipet or other instrument to transfer 1 drop of each solution to a pH 
strip to determine final pH for each jar. 
 




American Association of Chemistry Teachers                                              7 
 
Aroma Evaluation – Experiment 2 
 
1. Each group member sniffs each solution, and records what they think it smells like 
(1-3 word descriptions) 
 
 
Data - Experiment 2 
 
Analysis - Experiment 1 
 




2. Explain your graph.  
 
  
Data Table 1: Odor character vs. pH for liquid aminos and instant coffee 
  Odor description (1-3 words per sniffer)   
Solution Sample Sniffer 1 (name):  
Sniffer 2 (name): 
 
Sniffer 3 (name): 
  
   Low pH Instant 
coffee 
    
   High pH Instant 
coffee 
    
   Low pH Liquid 
aminos 
    
  High pH Liquid 
aminos 
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Analysis - Experiment 2 
 
1. How did the aroma of the low pH instant coffee compare to the high pH instant 
coffee? 
 




1. β-damascenone is an odorant associated with rose or floral aromas. It is found in 
many food stuffs, including coffee and apple cider vinegar.  
a. Draw it’s expected molecular charge at both low and high pH. 
b. How do you expect a change in the pH to affect the aroma? 
 
 
2. 3-methylbutanoic acid is one of the key odorants (by OAV, or odor-activity value) in 
soy sauce. It contributes a sweaty, cheesy aroma. 
a. Draw it’s expected molecular charge at both low and high pH. 




3. Putrescine and cadaverine are amino acid derived aromas that are released from 
the amino acids via decarboxylation at the 3-carbon. Use retrosynthetic analysis to 
determine their amino acid precursors. Draw the amino acid below, and show 
where cleavage occurs.   







4. You are a flavor scientist at a major food company (yes, this is a real career path!). 
They want to combine two trendy topics: cold brew coffee and alkaline water, to 
create an alkaline cold brew coffee (pH of 9). Based on your knowledge of aroma 






Student Knowledge, Attitudes, and Behaviors Assessment 
 
Directions:  
Read each of the following statements or questions below and choose the BEST answer from 
the choices given. 
 
1) At high pH, an acid is _______. When the pH is lowered, the acid will _____ a proton. 
a) deprotonated; lose 
b) deprotonated; gain 
c) protonated; lose 
d) protonated; gain 
 





3) The volatility of odorants in a solution (ratio of volatiles in the solution versus in the 
headspace) can be changed by: 
a) Adding salt to the solution 
b) Putting the solution in an ice bath 
c) Dividing the solution into 2 vials  
d) A and B only 
e) A, B and C 
 






5) When you hear the word “matrix”, what comes to mind? Circle all that apply. 
a) A rectangular array of numbers, symbols, or expressions 
b) A sci-fi movie starring Keanu Reeves 
c) A compact car made by Toyota 
d) Differences in pH, temperature, and macromolecules in a food or beverage that can 
change the volatility of odorants 
 
















9) Referencing your response to question 2, circle what senses you mentioned when 
describing your favorite food: 
a) How it looks (before eating it) 
b) How it smells before I bite into it 
c) How it tastes 
d) How it smells while I’m chewing it 
e) How it feels in my mouth 
 












12) Would you like to learn more about careers in food science and/or flavor chemistry? 
a) Yes 
b) No 
c) Maybe 
d) Unsure 
  
